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In deep excavations in soft ground, the maximum wall deflection usually 
occurs below the excavation level where it is not practical to install conventional steel 
struts. One effective solution is to improve a layer of soft soil below the formation 
level prior to excavation. In a wide excavation site, the use of an embedded improved 
soil berm provides a more economical solution to control the wall deformation.  
In this research, analytical, centrifuge, and numerical studies are carried out to 
improve the understanding of an excavation stabilised with an embedded improved 
soil berm. Firstly, a relatively new imaging processing technique, the Particle Image 
Velocimetry (PIV) was applied to centrifuge testing to measure the ground 
movements more accurately. Then an upper bound solution, modified with the aid of 
results from numerical analyses was developed to estimate the undrained end bearing 
capacity of an embedded improved soil berm in an excavation. This is followed by a 
series of centrifuge tests with different soil improvement configurations to study the 
mechanisms involved. Three geometry parameters are considered; namely thickness, 
embedment depth and orientation of the improved soil berm. Finally numerical 
parametric studies using the CRISP computer program are conducted to complement 
the results of centrifuge tests after the numerical analyses are calibrated based on the 
centrifuge experimental results.  
The centrifuge results show that the presence of an improved soil berm would 
influence significantly the displacement pattern of surrounding soil as a result of 
interaction between the berm and surrounding ground. The embedded improved soil 
berm displaces as a rigid body and moves horizontally and vertically as well as rotates 
progressively. The incremental displacement contours of the ground and improved 
 viii 
soil berm obtained from PIV technique show that a composite resistance comprising 
passive soil resistance, end bearing resistance and interfacial shear resistance of the 
berm is mobilised to resist the wall movement during the excavation process. The 
interfacial shear resistance is usually fully mobilised earlier than the end bearing 
resistance during excavation process. The composite stiffness on the passive side 
relies on both the berm-soil shear stiffness and soil stiffness. Further numerical 
analyses show that the resistance mechanism of an excavation with improved soil 
berm is applicable to both cantilever and strutted excavations. 
Increase in the berm thickness is effective to reduce the wall movement by 
providing a larger end bearing resistance. If the treated soil volume keeps constant, an 
increase in berm length is more effective than an increase in berm thickness. The 
centrifuge tests showed that placing the berm at a higher level was more effective to 
reduce the cantilever type wall deflection due to the provision of a larger resisting 
moment as a result of a larger arm of force and berm movement. The numerical 
analyses show that it is important to select the embedment depth properly according 
to the types of wall deflections that require control. The progressive rotational 
movement of the berm as observed from centrifuge tests makes the berm unstable and 
its effectiveness to control the wall movement becomes less and less with increasing 
excavation depth. It is shown that provision of a downward slant coupled with 
mobilised horizontal berm movement help to control the rotational movement of the 
berm especially at later stages of excavation and consequently reduce the wall 
movement.  
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A Section area 
Ab Cross sectional area of the improved soil berm 
As Contact area at the top or bottom of the improved soil berm 
B Width of a foundation 
C Embedment depth of improved soil berm 
D Thickness of improved soil berm 
E    Young’s modulus  
E External work 
F Collapse load  
K0 Earth pressure coefficient at rest 
Knc Value of K0 for normally consolidated soil 
K’ Effective bulk modulus of soil 
L Length of improved soil berm 
M Slope of critical state line in q-p’ space 
NC Normally consolidated clay   
Nc Bearing capacity factors related to soil strength 
Nq, Ng Bearing capacity factors 
OC Over consolidated clay    
Qb End bearing load 
Qs Shaft resistance load 
Qu Ultimate load capacity 
V Velocity 
W Internal work 
X0  Position of the correlation window  
 
cu    Undrained shear strength 
d  2-dimensional displacement vector in PIV analysis 
e    Void ratio 
ecs    Void ratio for critical state line at p’= 1 kPa 
g    Earth gravity 
kx    Coefficient of horizontal permeability 
 x 
ky    Coefficient of vertical permeability 
m Embedment ratio = C/D 
p’ Mean stress 
p’c Equivalent pre-consolidation pressure  
q Deviator stress 
qu Unconfined compressive strength 
u True displacement 
um  Measured displacement 
 
a, b Angle variables  
g Unit weight 
d Slant angle of improved soil berm 
e Error in PIV analysis 
h Stress ratio = q/p’  
κ    Slope of swelling line 
λ    Slope of normal compression line 
l Mobilisation factor 
ν    Poisson’s ratio 
σh    Total horizontal stress 
σv    Total vertical stress 
σv’    Effective vertical stress 
s’vmax     Maximum effective vertical stress  
f’ Effective friction angle of soil  
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 Chapter 1                                                                                        
Introduction 
 
1.1  Background on deep excavation  
A major problem pertaining to deep excavations is the potential damage to the 
surrounding buildings and foundations as a result of excessive deflection in the 
retaining wall and associated ground movement. Therefore, deep excavations in 
densely built-up areas require stringent control measures to protect against such 
damage. To minimize the damage to surrounding buildings and facilities, a normal 
approach often involves usage of a stiff support system including a strong retaining 
wall together with a stiff bracing system above the final formation level.  
In cases where the excavation is underlain by a thick layer of soft soil and 
supported by the normal bracing system, the maximum wall deflection often occurs at 
a location below the excavation level. The presence of such a thick marine clay is a 
common occurrence in Singapore. As the maximum wall deflection occurs below the 
excavation level, even a stiff supporting system above the excavation level may not be 
effective enough to control the maximum wall deflection. 
 
1.2  Soil improvement in deep excavation  
To prevent excessive soil and wall movement, one effective way is to improve 
the soft soil layer where the maximum wall deflection is expected to occur. Deep 
cement mixing method (DCM) and jet grouting method (JG) are two frequently used 
techniques in stabilising the soil below the formation level to reduce the maximum 
wall movement. If the entire layer of soil from one wall to the opposite wall is 
improved, it behaves like a strut and is referred to as an improved soil raft. On the 
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other hand, if one end of the improved soil contacts with the wall while the other end 
rests in the soft soil, in this thesis, this is called an embedded improved soil berm. The 
study of such an embedded improved soil berm is the focus of this work.  
The effectiveness of these ground improvement techniques in stabilising 
excavation has been proven in many successful projects worldwide and verified in 
numerical studies and experimental studies. Gaba (1990), Newman et al. (1992), 
Tanaka (1993), Shun (1996) and Ho et al. (1998) reported the effectiveness of such 
soil stabilisation through case studies where excavations were stabilised with fully 
treated layers. Khoo (1997) and O’Rouke et al. (1998) presented the field data of 
excavations stabilised with embedded improved soil berm. They concluded that the 
improved soil berm is also an effective way of reducing the wall movement. Lee et al. 
(1991), Yong (1998) and Xie et al. (1999) studied the behaviour of excavations 
stabilised by soil improvement techniques using numerical simulation. It was found 
that the ground and wall deformations for stabilised excavations were less than those 
without any improvement. Liao (1993) conducted a series of 1g laboratory 
experiments and found that for partially improved excavation, the mobilised shear 
resistance and end bearing are the two main contributory factors of the improvement 
effect.  
At National University of Singapore (NUS), Goh (2004) examined the 
stabilisation effect of an excavation with improved soil raft, and in some cases with an 
untreated gap between the improved soil layer and the wall. Thanadaol (2003) studied 
the behaviour of an embedded improved soil berm in an excavation. Their studies 
demonstrated that behaviour of an excavation stabilised with an embedded improved 
soil berm is much more complicated than that with an embedded improved soil raft 
and more research efforts should be made on the former.  
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Though there were many research studies reporting the effectiveness of the 
soil improvement techniques in excavation, relatively few studies (Khoo, 1997; 
O’Rourke et al., 1998; Xie et al., 1999 and Thanadol 2003) examined the behaviours 
of an excavation stabilised with embedded improved soil berms. This may be due to 
the fact that it is easier to investigate the effectiveness of the fully improved soil raft. 
The fully treated soil layer acts as a ‘strut’ below the excavation level and the 
behaviour of a ‘strut’ is well understood and generally controlled by compressive 
modulus of the treated soil. For excavations treated by embedded improved soil 
berms, the effectiveness is determined by the complicated interaction between the 
improved soil berm, the unimproved soil and the retaining wall since one end of the 
berm is constrained by the soft soil rather than the stiff wall or other supports. The 
end bearing and the interfacial shear resistance between the berm and surrounding soil 
are the key factors to influence the effectiveness. Such resistances are dependent upon 
the soil properties and the berm geometry. As relatively few studies have been 
conducted, the understanding of the behaviour of an excavation stabilised by an 
improved soil berm is still not well established and therefore the design method for 
such an improved soil berm is mainly based on experience.  
 
1.3  Scope and objectives of study 
The objectives of the present study are as follows: 
1) To improve current image processing method used to measure the ground 
movement of centrifuge model test, especially for excavation tests; 
2) To develop an upper bound solution to estimate the ultimate undrained end 
bearing capacity of an embedded improved soil berm in an excavation;     
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3) To improve the understanding of the behaviour of an excavation stabilised 
with an embedded improved soil berm, in particular the mechanisms 
involved in restraining the retaining wall;  
4) To carry out numerical analyses to evaluate the mechanisms involved and 
conduct further parametric studies to complement the insights derived 
from the centrifuge experiments; and  
5) To establish the key controlling parameters of an improved soil berm and 
provide some guidelines for designing such a berm from the results and 
findings of centrifuge experiments and numerical analyses. 
 Detailed and accurate information of movement of the ground and the 
improved soil is of importance to understand the mechanisms involved for an 
excavation stabilised with improved soil. Therefore, the first part of the study is to 
apply a relatively new imaging processing technique, Particle Image Velocimetry 
(PIV), to the centrifuge test. Numerous calibration tests have been conducted to 
quantify the accuracy of this technique at both 1g and 100g conditions.  
 An embedded improved soil berm essentially behaves like a horizontal pile 
applying a load to the retaining wall through mobilising both end bearing and 
interfacial shaft shear resistance to control the wall movement. In the second part of 
the study, the undrained ultimate end bearing capacity of an embedded improved soil 
berm was derived. A modified upper bound solution which combines the results of an 
upper bound solution and numerical analyses was developed to estimate the undrained 
end bearing capacity of an embedded improved soil berm during excavation.  
 In the third part of the study, the behaviour of an excavation stabilised with an 
embedded improved soil berm is examined by means of both centrifuge and 
numerical modelling. A series of centrifuge excavation tests with different 
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configurations of the improved soil was carried out using an in-flight excavator on the 
National University of Singapore (NUS) Geotechnical Centrifuge.  The results from 
these tests would form the basis to gain an understanding of the behaviour of an 
embedded improved soil berm in an excavation. Subsequently, a number of numerical 
parametric simulations were carried out using the finite element program known as 
CRISP (CRItical State Program) to complement the findings of centrifuge tests. 
Findings from both the centrifuge tests and numerical analyses would further improve 
the understanding of the mechanisms of an excavation stabilised with an embedded 
improved soil berm and also provide some guidelines in designing an embedded 
improved soil berm in practice.  
  
1.4  Layout  
The work presented in this thesis is divided into the following chapters: 
 In Chapter Two, a literature review of past research work is carried out to 
show the advantages provided by soil stabilisation at the base or slightly below the 
excavation on the passive side. This review will also demonstrate the needs for the 
present study. The review is divided into three categories; namely field studies, 
numerical studies and experimental studies. 
In Chapter Three, centrifuge excavation tests with in-flight capabilities are 
discussed in detail.  The experimental set up and associated instruments are presented.  
 In Chapter Four, a relatively new image processing technique, namely the 
Particle Image Velocimetry (PIV), is introduced. A better algorithm to implement the 
digital PIV has been implemented in a program. Numerous calibration experiments 
have been done to calibrate the accuracy of this technique with application to measure 
the soil movement of centrifuge model excavation. 
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 In Chapter Five, a modified upper bound solution, which combines the results 
from both an upper bound solution and finite element (FE) analyses, is presented to 
estimate the undrained end bearing capacity of an embedded improved soil berm. The 
calculation of shaft resistance is also provided according to the theory of pile 
foundations.  
 In Chapter Six, centrifuge experimental results are examined to gain a better 
understanding of the behaviour of an excavation stabilised by an embedded improved 
soil berm. The results from Particle Image Velocimetry technique are used to study 
the mechanisms mobilised during excavation process. 
 In Chapter Seven, important findings from FEM analyses are discussed. 
Parametrical numerical analyses are presented to complement the results from the 
centrifuge experiments. The importance of the slip element in the numerical analyses 
is highlighted.  
In Chapter Eight, the main conclusions reached in the previous chapters are 
summarised and recommendations are also made for further research studies.  
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Chapter 2                                                                                                    
Literature Review 
 
2.1  Introduction  
The purpose of a deep excavation support system is to provide lateral support 
for the soil around an excavation to limit the wall deflections and ground movements. 
If the wall deflections and ground movements are excessive during the excavation 
process, severe damages to surrounding buildings, roads and infrastructures may 
occur and in the worst case, collapse of the excavation system itself. In cases where 
the excavation is underlain by a thick layer of soft soil, the maximum wall deflection 
often occurs below the excavation level. In order to control the maximum wall 
deflection, one commonly used technique is to improve the soft clay below the 
excavation level using ground improvement techniques like jet grouting (JGP) and 
deep cement mixing (DCM) to help to reduce the lateral movement of the retaining 
wall and ground settlement.  
An examination of published literature on the above area indicates that the 
improvement scheme in most cases was in the form of an improved soil raft and 
studies relied mainly on numerical methods, mainly the finite element method. 
Relatively few studies reported on the behaviour of an excavation with embedded 
improved soil berms and very limited physical modelling tests had been conducted to 
study this issue. The behaviour of improved soil berm in an excavation is still not well 
understood and a rational design for such a system has not been established due to the 
complexity of the problem. Therefore, it is important to further investigate this 
particular problem to understand the behaviour and develop some rational guidelines 
for design.  
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In this chapter, the literature review begins with discussing the conventional 
support system in controlling ground movements and its limitations. Subsequently, 
attention was paid to evaluate the effectiveness of having an embedded improved soil 
layer to control ground movements during excavation works in soft ground. Finally, 
centrifuge modelling of excavation problems was briefly reviewed. The central idea is 
to evaluate the fundamental behaviour of an excavation stabilised with an improved 
soil mass.  
  
2.2  Conventional excavation support system and its limitations 
In an excavation, there are two main effects from the stress point of view. The 
first is that removal of soil causes a reduction in the total vertical stress in the soil 
beneath the excavation. The second is that the removal of the soil results in the 
removal of lateral earth pressure on the excavated side, thereby causing a stress 
imbalance. Thus, the entire system including the soil will move to ensure other forces 
are mobilised to balance the stress relief in both directions during an excavation. The 
relief of the vertical stress causes basal heave and the removal of lateral stress leads to 
the movement of the retaining wall and soil behind wall towards the cut. The basal 
heave and the inward movement of retained soils are often accompanied by 
subsidence of the ground near the excavation. If the ground movement is excessive 
during the excavation process, severe damage may occur to surrounding buildings, 
roads and infrastructures. The purpose of a deep excavation support system is to 
provide lateral support for the soil around an excavation to increase the stability of the 
excavation and consequently to limit movement of the surrounding soil. Stability and 
ground movements of an excavation are related. If the factor of safety against failure 
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is large, ground movements will be small. On the other hand, if the factor of safety is 
close to unity, ground movements can be large.  
In cases where the excavation is underlain by a thick layer of soft soil, the 
maximum wall deflection, which is significantly influenced by the properties of soil 
beneath the excavation level, often occurs below the excavation level. This has been 
observed in numerous field cases and also predicted in numerical analyses (Lee et al., 
1991; Wong and Patron, 1993; Kusakabe, 1996; Chew et al., 1997). This is often the 
case in Singapore where many of the deepest excavations are in the downtown area, 
near to the Singapore River, Geylang River and Kallang River where there are thick 
deposits of soft clay. Unfortunately, using stiffer and stronger bracing struts and 
increasing the number of layers of struts may not be effective enough to control the 
maximum wall deflection (Lee et al., 1991; Wong et al., 1998) because the wall is not 
propped at the most critical level, which is below the final excavation level.  
 
2.3  Soil stabilisation in deep excavation   
To control the wall deflection in such situations, the soft clay below the 
excavation level can be improved by ground improvement techniques like jet grouting 
or deep cement mixing to increase the stiffness of soil below the excavation level, and 
consequently to reduce the lateral movement of the retaining wall, base heave and 
ground settlement.  
The provision of an embedded improved soil layer in an excavation is 
essentially an extension of the idea of bracing. The word ‘embedded’ is to underline 
the fact that this is below the excavation level. As conventional strut cannot be placed 
below the final excavation level where the maximum wall movement would occur, 
the alternative is to improve the soft soil at this critical location through using an in-
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situ soil improvement technique such as jet grouting or deep mixing. An added and 
distinct advantage over conventional support systems is that this soil improvement is 
normally carried out prior to the excavation and the improved soil mass exerts its 
effectiveness right from the start of excavation process.  
The effectiveness of these ground improvement techniques in controlling 
ground movements and lateral movement of the retaining wall has been proven by 
many successful engineering cases (Tanaka, 1993; Yong and Lee, 1995; Byuan et al., 
2001; Hu et al., 2003). In Singapore, such soil improvement techniques had been 
successfully implemented during the construction of Singapore Mass Rapid Transit 
(MRT) System and other deep excavations. Jet grouting was used at Dhoby Ghaut 
MRT Station (Tornaghi et al., 1985), Newton Station (Gaba, 1990) and Clarke Quay 
Station (Shirlaw et al., 2000).  The lime-column soil improvement technique was used 
at the Bugis and Lavender stations (Hume et al., 1989) and more recently this method 
was also used in the construction of the proposed HDB Centre at Toa Payoh (Tan et 
al., 2001). Two layers of improved soil raft below the excavation level were 
constructed to control the wall deflection at the Bugis Junction car park basement 
(Shun et al., 1996). However, though its use is becoming more extensive, the 
behaviour and mechanisms involved are still not well understood and the present 
design concept is highly simplified and empirical in nature.  
  
2.4  Review on soil stabilisation in deep excavations  
 Some research work has been reported concerning excavations stabilised with 
embedded improved soil layers. This review on soil stabilisation in deep excavations 
is divided into three categories, namely field studies, numerical studies and 
experimental studies.  
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2.4.1  Field studies  
Gaba (1990) reported the use of a 3.5-m thick jet grouted raft immediately 
below the formation level at Newton station in Singapore marine clay. The author 
presented measured field results and concluded that the jet grout raft was successful in 
reducing the retaining wall deflections as compared to the hypothetical situation 
without it. 
Newman et al. (1992) reported the use of a 1.5-m thick jet grouted raft below 
the formation level of a braced excavation which was designed both to act as a base 
prop for the retaining wall to restrain the movement and to resist uplift pressure due to 
the sub-artesian water pressure below the raft. The scheme was successful in limiting 
the lateral wall deformation to an acceptable value as compared to predictions from 
FEM analyses for the excavation if no base stabilisation was carried out, which 
showed large inward movement of the wall below formation level, as shown in Figure 
2.1.  
Liao et al. (1992) reported a case study involving the improvement of soil both 
inside and outside a 12-m deep excavation, where the surrounding structures would be 
sensitive to any excessive ground movements. The plan layout of the excavation is 
shown in Figure 2.2 and the soil stabilisation works consisted of three schemes as 
shown in Figure 2.3. The measured lateral wall deflection profiles are shown in 
Figure 2.4. It was found that the buttress type grouted panels installed in front of the 
wall before the excavation were effective in reducing the wall deflection induced by 
excavation. Though the improved area did not cover the whole excavation base, the 
effect of such configuration of the improved soil was equivalent to that of a ‘strut’ 
because the buttress panel had direct contact with either retaining walls or foundation 
piles such that both sides of the improved soil mass were constrained.  
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Tanaka (1993) analysed the data from field measurements to study the 
behaviour of a 15 to 21-m deep braced excavation in soft clay stabilised by a 
combination of deep cement mixing (DCM) and jet grouting. The soil stabilisation 
scheme was in the form of a layer of overlapping DCM columns spanning across the 
excavation. Untreated soil between this stabilised ground and the retaining wall was 
then improved by jet grouting, as shown in Figure 2.5. The measured lateral wall 
deflection profiles are shown in Figure 2.6. The author reported that the ground 
stabilised by DCM of multiple soil columns offered a high resistance against lateral 
forces, but a low resistance against vertical forces. The soil treated by DCM can be 
considered as a typical brittle material. It was also observed that large basal heave 
occurred even with soil stabilisation below the formation level due to the thick soft 
clay deposits below the excavation and the great excavation depth, as shown in Figure 
2.7. The author also compared the distribution of earth pressure between the treated 
and non-treated excavations from measured results, as shown in Figure 2.8.  It was 
found that the treated ground beneath the excavated bottom took a considerable share 
of the earth pressure from the active side and consequently the remaining component 
sustained by the struts was significantly reduced. The proposed displacement pattern 
for the base treated soil is shown in Figure 2.9, and a new stability number, tN  was 
proposed for the base heave failure for excavations with treated soil at the base that 
can be used to determine the thickness of the treated soil layer.  
Liang et al. (1993) reported a canal construction using jet grouting as the 
retaining system instead of using the conventional method of sheet piling with struts. 
The purpose of using jet grouting was to control the upheaval of the soft clay when 
the canal was excavated to a greater depth. The typical geometry of the proposed jet 
grouted mass is shown in Figure 2.10. This system basically consists of an inverted 
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arch with two long jet grouted piles at each end of the arch. The end piles act as the 
abutment for the inverted arch. The rationale behind the use of the arch geometry was 
that the arch would be able to resist most of the horizontal stresses resulting from the 
active pressure of the soil when excavation was carried out. Above the arch was a 
layer of grouted soil with a lower strength than the jet grouted arch. No significant 
base heave was observed and the measured wall deflection is typical of the cantilever 
type shown in Figure 2.11.    
Shun et al. (1996) reported a project adjacent to Bugis MRT Station which 
adopted a double layer jet-grouted raft to reduce the wall deflection during 
excavation, where soft marine clay extended to depths varying from 27 m to 40 m 
below the ground level. The lateral wall deflection was predicted by two methods, 
namely the elasto-plastic spring model and FEM analysis. The results showed that the 
wall deflection would cause displacement of the adjacent tunnels larger than 15 mm 
without soil improvement. On the other hand, the double layer jet-grouted rafts could 
limit the movements of the adjacent tunnels to an acceptable value.  
Khoo et al. (1997) reported the use of a soil berm improved by jet grouted 
piles in the UE Square Project to reduce the lateral deflection of the retaining wall. 
Owing to the large excavation area of about 150 m by 200 m, diaphragm walls were 
designed to be retained by soil berms and raking struts. As the soil berm consisted of 
thick soft organic clay and marine clay, it was expected to be ineffective without 
improvement. Thus the soil berm was treated by rows of jet grouted piles for the 
entire organic clay and marine clay layers and keyed into 1 m of very stiff residual 
soil of the Jurong Formation. The excavation sequence and soil berm details are 
presented in Figure 2.12. The deflection of the diaphragm wall and surrounding 
ground movements were monitored during excavation and also predicted by an elaso-
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plastic spring analysis and FEM analysis. The predicted wall deflection and ground 
movement agreed reasonably well with the measured values. Based on elaso-plastic 
analysis, a comparison of lateral deformation of the diaphragm wall with and without 
improvement in soil berm is shown in Figure 2.13.  This analysis confirmed that the 
treated soil berm limited the wall deflection.   
Ho et al. (1998) reported a deep basement excavation of the Singapore Post 
Centre project in thick soft marine clay which was located in close proximity of the 
Paya Lebar MRT station and viaduct. A jet grout raft of 3-m to 4-m thick was 
installed between the diaphragm walls beneath the formation level to reduce the 
deflection of the diaphragm walls during excavation. Furthermore, in order to restrict 
wall deflections at the early stages of excavation, the jet grout was fanned out to a 
zone of 10-m long and 9-m thick in front of the diaphragm walls facing the MRT 
structures. A trial section of the jet grout scheme is shown in Figure 2.14. From the 
field measurements, the authors concluded that the fan shaped jet grout strut was 
effective in restricting the wall deflections especially at the early stages of excavation.  
O’Rourke et al. (1998) reported an excavation stabilised by deep mixing 
method (DMM) and jet grouting in deep marine clay with excavation depth from 13.9 
m to 19.4 m. The excavation was supported by a soil mixing wall (SMW) with earth-
anchored tiebacks. Owing to different excavation depths at the east and west sides, 
two different configurations of soil treatment were introduced. The typical cross-
sections of DMM and jet grout improvement near the East and West walls are shown 
in Figure 2.15. The soil treatment along the East wall penetrated into the underlying 
firm layer, whereas the soil treatment along the West wall just floated within the clay 
layer. Two different measured lateral deformation profiles were observed. For the 
DMM zone that had penetrated into a firm layer, the treated mass acted as a shear 
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beam with lateral deformation distributed along its depth. However, for the floating 
DMM mass, heave and upward deformations below the treated soil tried to lift the 
DMM mass. Typical observed incremental lateral deformation profiles and the 
proposed deformation patterns for the treated mass are shown in Figure 2.16.  
 From the above review of case studies, both the embedded improved soil raft 
and embedded improved soil berm were used in practice and the effectiveness of the 
soil improvement technique in reducing wall deflection has been demonstrated. 
However, most of the above cases only reported the wall deflection. There was no 
reported ground movements on the excavated side and therefore short of information 
on the mechanisms involved for the embedded improved soil to mobilise its resistance 
to reduce the wall deflection.  
 
2.4.2  Numerical studies 
Lee and Yong (1991) reported two projects using jet grouting as the soil 
stabilisation below the formation level to minimise the ground movements. In both 
projects, the authors analysed the ground and retaining wall movements by FEM 
method. In Project A as shown in Figure 2.17, a 2-m thick layer of soil below the 
formation level was grouted to act like a ‘strut’ in the marine clay and to transfer the 
forces to the sides of the retaining wall. In Project B as shown in Figure 2.18, double 
layer jet-grouted rafts were installed to reduce the wall deflection. It was found that 
the ground and wall movements were excessive without soil stabilisation and 
increasing the stiffness of lateral supports to reduce ground movement was not as 
cost-effective as improving the soft clay just below the formation level at the 
elevation of maximum wall deflection.  
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Ou et al. (1996) described three typical patterns of treated soil mass, namely 
block type, column type and wall type as shown in Figure 2.19. For the wall type of 
soil treatment, the lateral force caused by the inward movement of the retaining wall 
acts directly on the counterfort wall, in which the side friction and end bearing 
provide the resistance. For the case of column type, the lateral force acts on the 
untreated soil, which in turn transmits the force to the treated soil. The block type of 
soil treatment has the advantages of both the wall type and column type. The authors 
reported the study of grouted column type of soil improvement for deep excavations 
to reduce ground movements. They employed 3-D and 2-D plane strain finite element 
analyses to back analyse the observations from a case study. The primary objective of 
the study was to propose a method for evaluating the overall material properties of the 
treated soil mass whereby the treated area of soil could be replaced by a single 
material during the 3-D FEM analysis. This method could be used in 2-D plane strain 
analysis after slight modification to reduce computational resources. However, this 
study concentrated on the composite properties of the treated soil mass to simplify the 
analysis.  
Yong et al. (1998) reported the 2-D and 3-D numerical analysis of a 
hypothetical excavation supported by sheet pile wall with a 3-m thick treated soil 
block or raft below the final excavation level. In order to study the influence of the 
thickness of the grouted layer, excavations with 1.5-m and 3-m thick grouted layers 
were simulated by numerical method. It was observed that a 3 m grouted layer was 
needed to control the deflection of the relatively flexible sheet pile wall. Compared to 
the cases without any treatment, there was a significant reduction of the maximum 
wall deflection of about 45% and 38% for the 2-D and 3-D analyses respectively, as 
shown in Figure 2.20.  The results showed the effectiveness of an improved raft to 
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reduce the wall deflection. However, there was no report on the behaviour of an 
embedded improved berm in an excavation.  
Wong et al. (1998) studied the optimisation of jet grout configuration for a 
braced excavation in soft clay by 2-D FEM analysis.  This paper presented the results 
of a series of parametric studies to examine the influence of the jet grouting raft on the 
behaviour of a braced excavation in soft clay. It was shown that provision of an 
embedded jet grout raft could reduce wall deflection, ground movements, strut forces 
and wall bending moment. The effectiveness increased with increasing grout 
thickness or increasing the number of grout layers. This study provided an overall 
perspective of the improvement with different configurations. However, this study 
concentrated on embedded improved soil raft instead of embedded improved soil 
berm.  
Lim (1999) conducted a parametric study using 3-D FEM analysis of 
excavations in thick soft clay stabilised by different configurations of improved soil. 
The purpose of this study was focused on the adequacy of lateral and vertical 
resistance against basal heave provided by the treated soil mass. The author first 
studied a baseline model with double layers of treated rafts. It was found that this type 
of stabilisation was effective in reducing the wall deflection compared to the case 
without the treated layers as shown in Figure 2.21. The author also studied three other 
configurations of the treated soil mass, namely ‘Single Layer’ scheme, ‘Wall Grid’ 
Scheme I and ‘Wall Grid’ Scheme II. The calculated wall deflections of these 
schemes are also presented in Figure 2.21.  It was observed that the deflection profiles 
of these three models were quite similar and the deflections were smaller than that of 
the baseline mode, which meant that the thicker single layer of treated raft was more 
effective to reduce the lateral wall deflection and provide sufficient resistance against 
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global base heave when the retaining wall was relatively short and terminated in the 
soft clay. However, this study again concentrated on the behaviour of excavations 
stabilised with an embedded improved soil raft. 
Xie et al. (1999) reported the behaviour of cantilever and single braced 
excavations with various widths and depths of improved soil on the passive side using 
FEM analysis. The schematic layout and the finite element mesh of the cantilever 
excavation analysis are shown in Figure 2.22. The results showed that enlarging the 
treated width was more effective than increasing the treated depth in reducing the wall 
deflection, ground settlement, base heave and strut forces. The authors suggested that 
the treated depth should not exceed 50% of the excavation depth for the cantilever 
excavation and 60% for the single propped excavation. However, the modulus of the 
improved soil for analysis was selected as 40 MPa, which is relatively low for the 
treated soil.  
 From the above review on existing numerical studies, it is clear that all the 
studies demonstrated the effectiveness of the treated soil mass. However, the 
properties of the influenced area of treated soil mass for most of the numerical studies 
were given the composite properties according to the volume replacement ratio 
between the treated soil and untreated soil. Only Lim (1999) used respective 
properties of treated soil and untreated soil in his 3-D study on the ‘Wall Grid’ 
schemes. Most of the above studies concentrated on the improvement effect for the 
fully treated soil raft. Only Xie (1999) examined the improvement effect for the 
partially treated soil berm. However, in no cases were the mechanisms used by 
different configurations of treated soil to mobilise its resistance discussed. Without 
such an understanding, the assignment of composite stiffness properties based on 
some “smearing” assumption can be dangerous.  
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2.4.3  Experimental studies 
Liao et al. (1993) studied the passive resistance of partially improved soft soil 
in a 1g laboratory test program. The schematic diagram of the test setup is shown in 
Figure 2.23. The study involved two types of soil improvement patterns, namely the 
column type and the buttress type, as shown in Figure 2.24. In their study, a 
horizontal wall was used to load the reinforced soil specimens to failure. The passive 
resisting force of the improved soil, the surface heave and the deformation of this wall 
were monitored throughout the test.  
The authors presented the test results of the column type with different 
improvement ranges. It was found that the existence of the improved columns would 
influence the displacement patterns on the passive side. The surface heave for the 
column type of soil improvement started at the rear portion of the reinforced soil 
block and reached a peak value at a distance further away from that of the specimen 
without improvement. However, the surface heave started almost from the contact 
surface between the retaining wall and the soil for those without improvement. The 
ultimate passive resistance of treated soil increases with the increase of the 
improvement range as shown in Figure 2.25. The ultimate passive resistance of the 
treated soil increased almost linearly with the increase of the contact area between the 
grouted columns and the soil, as shown in Figure 2.26.  
The authors also studied the buttress type of treated soil. For the buttress type, 
three different shapes were examined, namely buttress panel shape, L shape and box 
shape. It was found that the length of the buttress panels should be long enough to 
escape the plastic zone generated by the retaining wall in order to mobilise the end 
bearing and side friction of the panels. The L shape and box shape were adopted to 
increase the end bearing effect. The test results showed that the L shape pattern is 
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more effective than the box shape pattern because the gap between the L shape panels 
helped to mobilise the side friction and end bearing of the panel.   
This study provided a glimpse of some of the factors that could affect the 
effectiveness of the improved soil such as end bearing, side friction, area of contact, 
length, configuration, stiffness of the improvement etc. It also revealed that there are 
complex interactions between the pattern and the length of the improved soil panel. 
However, it should be noted there are some limitations in the study. Firstly, except for 
the wall movement and surface heave, there was no other detailed information on the 
sub-ground movement which is important to understand the mechanisms involved to 
mobilise the various resistances. Secondly, the tests conducted did not simulate the 
unloading effect during excavation which may affect the results obtained.  
Ohnishi et al. (2000) presented the results of three centrifuge model tests on 
deep mixing method using fly ash and cement. The study investigated the stability of 
a 16-m deep braced excavation improved by the deep mixing method with steel sheet 
pile walls in soft ground. The schematic layout of the centrifuge model tests is shown 
in Figure 2.27. The three models had different base conditions. Case-1 was an 
unimproved case with uq =60 kPa at the upper part of the ground. Case-2 was an 
improved case with uq =400 kPa below the formation level. Case-3 was also an 
improved case with unconfined compressive strength uq =100 kPa. From the Case-2 
test results, the authors showed that the resultant force of strut loads at the end of 
excavation was only about 35% of that in Case-1 and Case-3. This meant that a 
considerable part of the load is supported by the improved soil. It was also found that 
a small basal heave of about 5 cm in prototype scale was observed in Case-2 due to 
excavation. However, in the other two cases, over 20 cm of heave was observed. It 
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was then concluded that the deep braced excavation stabilised with uq =400 kPa was 
sufficient to limit the basal heave to a desired magnitude.  
Goh (2004) studied the behaviour of an excavation stabilised with an 
improved soil raft using both centrifuge tests and numerical analysis. The centrifuge 
experimental set up for a typical test is shown in Figure 2.28. His study showed that 
the improved soil raft behaved like a strut below the excavation level and the 
effectiveness of it is very much dependent on its stiffness. The results also revealed 
that a stiffer improved soil raft provided a higher resistance to the retaining wall, but 
also induced a much higher bending moment in the wall. Goh also studied the effect 
of a gap of untreated soil in between the improved soil raft and the retaining wall as 
shown in Figure 2.29. It was shown that the performance was governed by the width 
of this untreated gap and the overburden above the gap.  
Thanadol (2003) conducted a number of complicated centrifuge experiments 
and numerical analyses to study how the length and the stiffness of an improved soil 
berm would influence the wall and ground performance. The centrifuge experimental 
set up for a typical test is shown in Figure 2.30. His study showed that an embedded 
improved soil berm behaved like a friction pile. Both the end bearing and interfacial 
shear resistance played an important role in controlling the ground movement and 
wall deflection. He also showed that increasing the length of the improved soil berm 
was an effective way of reducing the wall movement since more interfacial shear 
resistance could be mobilised as shown in Figure 2.31. The length of the berm should 
also be longer than the global passive zone for it to be effective, whereas the 
effectiveness of increasing the stiffness of the improved soil berm is marginal once 
the stiffness is greater than a threshold value shown in Figure 2.32.  
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 From the above review, the improved soil mass on the passive side was proven 
to be effective in reducing the ground movement, wall deflection, wall bending 
moment and strut forces and enhancing the stability of the excavation. Though there 
are a large number of studies reporting the effectiveness of the soil improvement 
techniques in excavation, relatively few studies (Khoo, 1997; O’Rourke, 1998; Xie, 
1999 and Thanadol, 2003) reported the behaviour of excavations stabilised by 
embedded improved soil berm. This may be due to the fact that it is easier to study the 
effectiveness of a fully improved soil raft. The fully treated soil raft acts as a strut 
below the excavation level and the compressive modulus of the treated soil is 
important to demonstrate the improvement effect. For excavations treated by 
embedded improved soil berm, the effectiveness is determined by the complicated 
interaction between the improved soil berm, the untreated soil and the retaining wall. 
The end bearing and the interfacial shear resistance provided by the improved soil 
berm are the key factors influencing the effectiveness. These factors rely not only on 
the properties and geometry of the berm but also on the properties of the surrounding 
soil. The displacement pattern on the excavated side is useful to understand how 
various resistances of the berm are mobilised. However, as the improved soil is 
located on the excavated side and below the formation level, the displacement fields 
cannot be easily obtained without special efforts. This is also why very few authors 
discussed the mechanisms involved. Though Thanadol (2003) made an effort to 
capture the displacement fields in the centrifuge modelling, the information obtained 
was not accurate enough to identify the mechanisms involved due to the limitations of 
the image processing technique adopted.  
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2.5  Centrifuge model testing  
 In the previous part, the three main research approaches to geotechnical 
problems, namely field study, numerical study and experimental study, were 
reviewed. Though field measurements are often believed to be an effective method of 
studying the behaviour of most geotechnical problems, the major obstacles to field 
studies for mechanistic study are the low degree of repeatability, the high cost and the 
difficulties to determine the initial conditions, detailed soil properties and the actual 
construction process. However, instrumented field tests remain important and are 
needed to calibrate and verify results from numerical studies and physical modelling.  
Numerical methods are powerful tools and are extensively used to study most 
of the geotechnical problems. It has been proven to be a cost effective tool to simulate 
complex construction sequences and complicated soil-structure interaction problems. 
However, the accuracy of the predictions is strongly related to the selected 
constitutive models and input material parameters. Thus, numerical analysis could be 
used more confidently if it is validated and calibrated by measurements from field 
studies or laboratory tests.  
A well-instrumented reduced scale model test that satisfies scaling principles 
could produce reliable well-controlled results to study the behaviour of an excavation. 
However, the test results of reduced scale models in a 1g environment may be not 
representative of the behaviour of the prototype since soil is a highly non-linear 
stress-dependent material.  The reduced scale 1g model is subjected to a very small 
in-situ stress compared with that of the prototype. The model test results will be 
different from the corresponding behaviour of the prototype.  
One approach to overcome this problem for reduced scale model test is to 
conduct the model tests under a forced gravitational field in a centrifuge (Schofield, 
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1980; Leung et al., 1991). In order to obtain the same stress level as the prototype, a 
reduced scale model is placed at the end of a centrifuge arm and accelerated to a high 
gravity (high-g) environment. The self weight of the model increases with 
acceleration field. As a centrifuge model is able to simulate the correct stress level, it 
could be effectively used to investigate the behaviour of an excavation with an 
embedded improved soil berm. Another advantage of this method is that the test can 
be well instrumented and controlled. Due to these facts, centrifuge physical modelling 
has gained acceptance worldwide and therefore it is also chosen as the main physical 
modelling tool for this study.  
 From early centrifuge model studies, the centrifuge modelling technique has 
been established to be successful to simulate the excavation process (Schofield, 1980; 
Powrie, 1986; Kimura et al., 1993; El Nahas, et al., 2002; Leung et al., 2003). The 
excavation process could be simulated using three techniques (Kimura et al., 1993). In 
the first method, the soil in the excavation side is first removed under 1g conditions. 
Then the model is mounted on a centrifuge and subjected to increasing centrifugal 
acceleration to study the behaviour with an increase in stress level. The problem with 
this technique is that it is impossible to know the changes in effective soil stress with 
the increasing the g-field although the overall total stresses in the soil can be 
reproduced. The second technique is to simulate the excavation process by draining a 
heavy liquid such as Zinc Chloride with a unit weight identical to that of the 
excavated soil. In the third technique, the excavation is conducted by means of an in-
flight excavator (Kimura et al., 1993, 1994; Loh et al., 1998). The second method is 
still used since this method is easier. However, the limitations of this technique for 
excavations are well recognised. The main problem is that the coefficient of lateral 
stress ( 0K ) for the liquid is always 1.0, which is significantly higher than that for the 
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normally consolidated soft clay and may be lower than that for the highly over-
consolidated soil. Therefore the third method is a promising one to simulate the 
excavation process since the method eliminates the 0K  problem. An in-flight 
excavator has been developed at NUS to simulate the excavation process (Goh, 2004). 
In this study, a number of centrifuge experiments have been conducted to study the 
behaviour of an excavation stabilised with an embedded improved soil berm using the 
NUS in-flight excavator to simulate the excavation process.  
The free-field ground movements of a centrifuge model can be monitored 
through the transparent perspex window mounted on the front face of the container. 
Detailed and accurate information of movement of the ground and the improved soil 
is of importance to understand the mechanisms involved for an excavation stabilised 
with improved soil. Thanadol (2003) and Goh (2004) used the centroid-tracking 
image processing method to analyse the ground movement. For this method, a high 
resolution digital camera was used to monitor the black beads embedded on the front 
surface of the model to measure the ground movement during the excavation process 
as shown in Figures 2.28 and 2.30. The displacements between two images have to be 
determined manually by tracking the centroid of each black bead. In some cases, the 
beads can be partially obscured or fully covered by soil, which makes it more difficult 
to determine the centroids accurately. Furthermore, it cannot show the soil 
displacement pattern in sufficient detail because of the relatively large markers and 
the large spacing between these markers. Owing to such limitations, it is not able to 
provide detailed and accurate information on the movements of the ground and the 
improved soil during the excavation process. Therefore, the existing image processing 
technique needs to be improved. A relatively new image processing method called 
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Particle Image Velocimetry (PIV) is incorporated into the centrifuge tests for the 
present study and will be reported in Chapter 4.  
 
2.6  Summary 
Ground improvement techniques such as deep mixing and jet grouting have 
been widely used to reinforce the soft soil in an excavation. The purposes of 
improving the soil mass below the final formation level in an excavation include: 1) 
control the wall deflection and ground movements; 2) increase the stability of the 
excavation (Tanaka, 1993); 3) control the base heave (Liang et al, 1993) and 4) resist 
uplift pressure due to seepage flow force (Newman et al, 1992). For most cases, the 
main purpose remains to control the wall deflection and the associated ground 
movement. When an excavation is relatively large, treating the whole soft soil layer is 
not cost effective. Under such conditions, the soft soil below the excavation base can 
be partially improved as an embedded improved soil berm to control the wall 
deflection and associated ground movement.   
The results from Goh (2004) and Thanadaol (2003) had shown that both 
embedded improved soil rafts and embedded improved soil berms are effective in 
controlling wall movement in an excavation compared to an excavation without soil 
improvement. As expected, an improved soil raft is established to be more effective. 
Their studies demonstrated that behaviour of an excavation stabilised with embedded 
improved soil berm is much more complicated and more research efforts should be 
made on the former. Therefore, special emphasis is paid to the behaviour of 
embedded improved soil berm in an excavation in present study.  
An embedded improved soil berm behaves like a horizontal pile and mobilises 
the interfacial end bearing and shear resistance to control the wall movement 
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(Thanadol, 2003). Owing to the continuous decrease in the overburden during 
excavation, the bearing capacity of the berm would change. Furthermore, the 
embedment depth of the embedded improved soil berm would also affect the bearing 
capacity. However, little research up to now has been reported on how the bearing 
capacity changes with the excavation process. Therefore, as part of the present study, 
a modified upper bound solution is proposed to estimate the bearing capacity of an 
embedded improved soil berm.  
Current research progress on the topic of an embedded improved soil berm is 
still rudimentary and it is evident that the understanding of the behaviour of an 
improved soil berm in an excavation has not been satisfactory. To improve the 
situation, detailed centrifuge experiment and numerical analysis were planned and 








Figure 2.1 Maximum wall deflection (a) without a jet grout raft; (b) with a jet grout 











Figure 2.2 Plan layout of the improvement scheme (after Liao et al., 1992) 
 
 














Figure 2.4 Lateral deflection profiles of retaining wall (after Liao et al., 1992) 












Figure 2.6 Lateral deflection profiles of retaining wall (after Tanaka, 1993) 
 

































(a) Treated type (b) Non-treated type 
















Figure 2.11 Comparison between observed and predicted wall deflection 
(after Liang et al., 1993) 
 
 














Figure 2.13 Comparison of lateral deformation of diaphragm wall with and without 
improvement in soil berm (after Khoo et al., 1997) 
 










Figure 2.15 Typical cross sections of DMM and jet grout improvement near the east 










Figure 2.16 Typical observed incremental lateral deformation profiles and the 
proposed deformation patterns for the treated mass (after O’Rourke et al., 1998) 























Figure 2.19 Typical patterns of treated soil mass in excavation (a) block type; (b) 









Figure 2.20 Comparison of wall deflection profiles with and without grouted layer 
(after Yong et al.,1998) 















Figure 2.22 Finite element mesh of the cantilever excavation analysis with treated 
zone in passive side (after Xie et al., 1999) 
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Figure 2.24 Layout patterns for reinforced soil specimens (after Liao et al., 1993) 
 
 
Figure 2.25 Load-deformation relationship for column reinforced specimens with 
different improvement ranges (after Liao et al., 1993)  
L: length of soil specimen 






Figure 2.26 Relationship between passive load and contact area for column reinforced 











Figure 2.27 Layout of centrifuge model (after Ohnishi et al., 1999) 















Figure 2.29 Effect of gap width on the lateral normalised wall displacement (after 
Goh, 2004) 
 




Figure 2.30 Experimental setup for an excavation with an improved soil berm (after 
Thanadol, 2003) 
 
Figure 2.31 Effect of the berm length on the wall movement - model scale (after 
Thanadol, 2003) 
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Chapter 3                                                                                            
Centrifuge Modelling 
 
3.1 Introduction  
Physical modelling is concerned with replicating an event comparable to what 
might exist in the prototype. On the one hand, the model is often a reduced scale 
version of the prototype. On the other hand, since soil behaviour is a function of stress 
level and stress history, obviously in any successful physical modelling it will be vital 
to correctly replicate these features of soil. This set of requirements cannot be fulfilled 
in a normal 1-g small scale model test. Soil in the reduced scale 1-g model is 
subjected to smaller in-situ stresses compared with that of the prototype and 
consequently such model tests will not produce the same behaviour as in the 
prototype. This is especially true for an excavation work. Fortunately, centrifuge 
modelling provides the capability to resolve this problem.  
In recent years, centrifuge modelling tests have been used more extensively as 
an experimental tool for studying geotechnical engineering problems (Schofield, 
1980; Craig et al., 1981; Bolton et al., 1987 & 1988; Corte, 1988; Leung et al., 1994; 
Kimura et al., 1993 & 1994; Powrie et al., 1996; Richards et al., 1998). There are two 
basic scaling principles for centrifuge modelling tests (Schofield, 1988). The first 
principle is the increase of self weight due to an increase in the acceleration field 
equal to the reduction in model. The second is a reduction in the time for an event to 
occur in a model test as the test model size is reduced. The scaling relations between a 
small-scale model in the centrifuge and its prototype can be derived either by 
dimensional analysis or consideration of the governing equations and system 
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mechanics (Taylor, 1995). A series of scaling relations is listed in Table 3.1 (Leung et 
al., 1991).   
Part of the current study involves a series of complicated centrifuge modelling 
tests conducted to improve the understanding of the behaviour of an excavation 
stabilised by an embedded improved soil berm. Related issues of centrifuge tests are 
discussed in this chapter while the results of the tests will be reported in Chapter 6 at 
their prototype scale according to appropriate scale factors shown in Table 3.1.  
 
3.2 The NUS Geotechnical Centrifuge  
The centrifuge modelling tests presented in this study were carried out on the 
fixed beam geotechnical centrifuge facility at the National University of Singapore 
(NUS) as shown in Figure 3.1. The swinging platform of the centrifuge has a working 
area of about 750 mm x 700 mm and the maximum allowable height of model is 
approximately 1200 mm. This 2-m radius centrifuge is designed for a payload 
capacity of 40g-tonnes. A stack of 100-tracks silver-graphite slip rings is mounted on 
top of rotor shaft for power and signal transmission between the centrifuge machine 
and the control room. More information of the NUS centrifuge and associated 
equipment is given in Lee et al. (1991) and Lee (1992).  
 
3.3 Sample preparation  
3.3.1 Soil sample preparation  
Preparation of the model ground is one of the very basic but also very 
important aspect in centrifuge modelling tests. Test results from centrifuge tests 
would be difficult to interpret unless the soil sample is carefully prepared. Therefore, 
attention was paid during the preparation stage so that the initial soil condition was 
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simulated correctly. The following shows the standard procedures used to prepare a 
soil sample for the present study.  
Kaolin clay was chosen in this study instead of marine clay, mainly due to its 
relatively high permeability, which could reduce consolidation time significantly. 
Furthermore, the white colour of Kaolin clay makes the image processing more 
convenient and accurate. The physical properties of kaolin clay used are shown in 
Table 3.2 (Thanadol, 2003; Goh, 2004).  
 The procedures of preparing the soil sample are similar to those adopted by 
Thanadol (2003) and Goh (2004). The Kaolin powder was first mixed at a water 
content of approximately 1.5 times its liquid limit using a large mixer with a de-airing 
facility, as shown in Figure 3.2. The clay slurry was de-aired at the same time to 
ensure a saturated soil sample. The clay slurry was thoroughly and uniformly mixed 
and saturated after about 5~6 hours of mixing and de-airing. After that, it was ready to 
be poured into the container.  
Prior to pouring the clay slurry, a 20-mm layer of coarse sand wrapped by 
geotextile was laid on the bottom of the container to form a base drainage in the 
model container. A thin layer of grease was coated on the inner walls of the container. 
The use of the grease reduces the friction on the sidewalls considerably especially for 
the plane strain containers. The trapping of air pockets were minimized as the clay 
slurry was placed under water.   
Subsequently, the model was subjected to a pressure of 20 kPa on the surface 
to produce an over-consolidated clay layer on the top of the soil sample in the 1g 
environment. To avoid the squeezing of clay slurry around the loading platform and 
failure of the sample, this consolidation pressure was applied gradually until the 
degree of consolidation exceeded 90% at the final loading stage. After this 1g loading, 
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the soil sample achieved an effective vertical pressure of 20 kPa throughout the depth. 
The soil sample in the container was then placed on the centrifuge platform and 
consolidated under 100g for several hours until at least 90% degree of consolidation 
was achieved. Such two consecutive steps of consolidation at 1g and 100g were 
designed to produce a thin layer of over-consolidated clay at the upper part of the soil 
model and normally consolidated clay below.  This type of soil profile is considered 
typical in Singapore (Chong et al., 1998). 
 
3.3.2 Stress history of model ground  
As mentioned in the previous section, the ground profile is an important 
aspect, in particular to ensure a distribution of stress with depth comparable to 
prototype situations. In the present study, the soil profile prepared simulates a thin 
layer of over-consolidated (OC) clay overlying a normally consolidated (NC) clay 
layer.  The idealised load history is shown in Figure 3.3.  
To assess the quality of the model prepared, in-flight in-situ soil tests were 
carried out to determine the soil strength profile and to confirm the quality of the 
model ground prepared before the excavation tests.  Furthermore, immediately after 
spinning down, laboratory vane shear tests were also conducted.  Soil specimens at 
various depths were also taken to measure water content.  For all tests conducted after 
spinning down, it is important to investigate the model ground characteristics 
immediately after spinning down as the clay will start swelling and its properties will 
change with time (Mair, 1979; Kimura and Saitoh, 1982).  
The in-flight miniature T-bar developed by Stewart and Randolph (1994) was 
used to check the soil strength profile in 100-g environment after the completion of at 
least 90% consolidation.  The tests were carried out by measuring the penetration 
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resistance of a T-bar when it was pushed into the soil. The undrained shear strength 
profiles of the model ground obtained from in-flight T-bar tests are shown in Figure 
3.4.  As expected, the undrained shear strength increases with depth. It is observed 
that even strength variation within the thin OC layer is also detected in the T-bar tests. 
A comparison of the shear strength between in-flight T-bar tests and theoretical 
analysis will be presented in Chapter 7.  
The shear strength profiles obtained from vane shear tests at 1g are also 
presented in Figure 3.4. Although the vane shear strength also increases with depth, 
its values are smaller than those from in-flight T-bar tests.  This is because after 
spinning down, the model ground experienced significant unloading and consequently 
swelling and softening occurred in the model soil. The stress profile in the model 
ground is re-confirmed as the measured water content is noted to decrease with 
increasing soil strength, as shown in Figure 3.5. 
 
3.3.3 Soil-cement mixing preparation  
 The mechanical properties of the improved soil used in this study were 
controlled by the water and cement contents of the mixture. The marine clay, water 
and cement were mixed in a Hobart mixer. The natural water content of the marine 
clay was first determined for each batch of clay before a certain weight of water was 
added to achieve a 90% water content. Subsequently, a specified weight of dry 
cement powder was added to the marine clay. The cement content adopted in the 
present study was 30%. The cement content here is the ratio between the weight of 
dry cement powder and dry soil. The ranges of water content and cement content used 
were within the practical ranges encountered in practice. A wooden formwork was 
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used to mould the improved soil layer into the required configurations. The property 
of improved soil used in the present study was investigated in detail by Goh (2004).  
 
3.4 Experimental setup  
In this study, a series of instrumented centrifuge modelling tests were used to 
study the behaviour of excavations stabilised with embedded improved soil berm. The 
excavation process was simulated using the excavator developed in NUS. The surface 
settlement in the active side, the pore water pressure, the wall movement and the total 
horizontal stress on the wall were monitored throughout the excavation process. A 
typical layout of the centrifuge excavation model in the present study is shown in 
Figure 3.6. An image processing system was also used to record images of the 
experiment proceedings during tests. The Particle Image Velocimetry image 
processing method was then applied to extract the soil movements and the berm 
movements from the images collected. This technique will be presented in detail in 
Chapter 4.  
 
3.4.1 Model retaining wall 
The model retaining wall was made of aluminium alloy with a thickness of 4 
mm, having an equivalent bending stiffness (EI) in prototype scale of approximately 
384 ´103 kNm2/m.  This stiffness of the model wall could represent approximately a 
0.6-m thick diaphragm wall in the field.  Four rubber flippers were attached to both 
sides of the model wall to prevent water seepage through the edges of the wall during 
excavation as shown in Figure 3.7.  The flippers were greased to ensure free sliding 
movement of the wall during excavation. This model wall was embedded 160 mm 
into the original ground level, representing 16 m in prototype scale. A set of vertical 
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guides was used during the wall insertion to ensure the verticality of the retaining 
wall.  
 
3.4.2 In-flight excavator system 
 The NUS in-flight excavator shown in Figure 3.8 was developed by Goh 
(2004). The excavator consists of a detachable lift-shaft fixed to the left side of the 
strongbox container. During model preparation, the lift-shaft would be replaced by a 
detachable side-wall of the container. A servomotor was mounted on top of the lift 
shaft to drive the scraper and strutting platforms in the vertical direction. Two other 
intermediate size stepping motors were installed inside the detachable lift-shaft to 
control the movement of the cutting blade and strutting system in the horizontal 
direction. During an experiment, this excavator was controlled by personal computers 
located in the remote control room through the on-board drivers.   
 
3.4.3 Instrumentation 
 It is necessary to provide a suitable instrumentation scheme to ensure adequate 
data can be collected to study the behaviour of the excavation and the treated soil 
berm. Four different types of miniature transducers were provided to measure various 
responses during the centrifuge tests.  Six pore pressure transducers (PPT) were 
installed to measure the pore pressure responses in both the active side and passive 
side of the wall. Five total stress transducers (TPT) were installed along the retaining 
wall. Seven potentiometers were used to measure the surface settlements of the 
ground and two others to measure the wall deflections.  
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3.4.4 Data acquisition system 
An automatic data acquisition system was used to record data for the tests. 
During the experiment, the entire analogue signals from the onboard transducers were 
transmitted to the control room via electrical slip rings. Figure 3.9 shows a view of the 
control room.  Inside the control room, the analogue signals were first channelled to a 
group of NEC amplifiers with built-in low-pass filters set at 10 Hz cut-off noises for 
clearer resolution. Then the amplified and filtered signals were transformed to 12-bit 
digital format by a Microstar A/D converter, running under the Dasylab software 
environment. In this software, the digital signals were smoothened by the block 
averaging facility. This averaging procedure will further reduce the noise and 
fluctuations in signals. A real time display of the selected incoming signals could be 
viewed on the computer screen before the data was finally stored in the hard disk.  
 
3.5 Experimental Procedure 
3.5.1 Excavation model preparation 
After the preconsolidation of the soil sample in the centrifuge, it was ready to 
prepare the centrifuge model at 1g. The strong box was loosen before starting the 
excavation model preparation process. The model wall with side flips, being greased 
to ensure easy installation, was then installed into the model ground. The installation 
process was guided by vertical guide-bars to ensure the verticality of the wall. The 
wall was then embedded 160 mm (equivalent to 16 m in prototype scale) into the 
original ground level, and was 150 mm (15 m in prototype scale) away from the left 
side-wall.  
 Before installing the improved soil berm, the removable side-wall of the 
container was taken off.  Then the soil in front of the retaining wall was first cut to a 
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prescribed depth below the original model ground. The improved soil berm was then 
placed on the model ground in contact with the model wall, and thereafter, the pre-cut 
soil was carefully trimmed and put back into the container as schematically shown in 
Figure 3.10. Finally, the excavator panel was installed to replace the left side-wall.  
To install the miniature pore pressure transducers (PPT) inside the model 
ground, the back wall of the container was taken off and precise positions for PPT 
were marked on the soil surface. De-aired pore pressure cells were then inserted 
horizontally into the middle of the soil sample. Finally the back wall and the rubber 
flippers of the retaining wall were thoroughly greased before the back wall was put 
back.   
The front Perspex wall of the container was then taken off. The residual 
yellow grease on the soil surface in the front side was removed to ensure a clean white 
background for subsequent image processing. Then sufficient small plastic beads 
were randomly put on the soil surface as shown in Figure 3.11. These small plastic 
beads were used to analyse the soil movement during the excavation process by the 
Particle Image Velocimetry method. To examine the behaviours of the excavations, 
the movement of the embedded improved soil berm is especially important. To 
measure the movement of the berm from the images, the front side surface of the 
berm was first painted with a white colour paint as the background and then small 
dots were marked on the side surface randomly using a black paint marker. A 
transparent high vacuum grease was selected to minimize the friction for this perspex 
wall before being assembled with the container. Care was taken to ensure that the side 
face of the improved berm could be exposed when the front perspex wall was 
assembled with the container; otherwise the side face of the improved berm would be 
covered by surrounding soil that would affect the results of the image processing.    
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After the front perspex wall was attached back to the container, a very thin 
layer of water was immediately poured on the soil surface to maintain a saturated 
ground condition for the whole experiment. The settlement transducer frame was 
mounted on top of the container. The frame consists of 9 linear-motion 
potentiometers. Two stroke potentiometers were used for measuring the lateral wall 
deformation at about 30 mm above the soil surface while the remaining seven stroke 
potentiometers were used for measuring the ground settlement at different distances 
from the model retaining wall.  
The whole model could now be placed on the bucket of the centrifuge. This 
was mounted on a rubber sheet placed on the centrifuge bucket to reduce noise and 
also to distribute load on platform more uniformly. The wires of all transducers were 
securely fastened to the container or the centrifuge to ensure safety during spinning at 
100g. The completed model for an excavation is shown in Figure 3.12.  
 
3.5.2 Excavation procedure  
After completion of the set-up, the model ground was re-consolidated since 
the clay had swelled during the installation process in the 1g environment. Pore 
pressures and surface settlements of the model ground were monitored to ensure that 
it had achieved at least 90% consolidation before the excavation test commenced. The 
sequence in carrying out an excavation was pre-programmed and remotely controlled 
in the control room through the slip rings. The excavation process began with 
lowering the scraper platform and this movement was terminated once the cutting 
blade of the scraper penetrated into the soil. The cutting blade was then driven by a 
stepper motor to scrape a small portion of soil horizontally into the base of the lift 
shaft, simulating the excavation of a layer of soil. The scraper was then moved up 
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again to a level slightly higher than the excavated base. Subsequently, the cutting 
blade was extended out from the lift-shaft to a point near to the model retaining wall. 
This sequence is then repeated until the required excavation depth is reached as 
shown in Figure 3.13.  
In each test, every sequence of scraping will remove a 5-mm layer of clay 
each time.  This would simulate a 0.5-m thick removal of soil in prototype terms. 
Every cycle takes 60 seconds, which is equivalent to about 7 days in prototype scale. 
These values are considered to be within practical range.  
 
3.6 Image capturing and processing systems 
In the present study, the excavations were simulated by plane strain centrifuge 
model tests. Soil and berm movement could be estimated by calculating the 
movements of the front side surface of the model. However, unlike measuring the top 
surface settlement, there is no direct way to measure the movements of the side 
surface of the model. Fortunately, each stage of the excavation process could be 
recorded by a camera and through the information collected, soil and berm movement 
could be extracted. The accuracy of movements is dependent on the quality of images 
and the technique adopted for image processing.  
 
3.6.1 Image capturing system  
In this image capturing system, a CV-M1 2/3" CCD Progressive Scan High 
Resolution Camera was mounted on a frame in front of the Perspex window as shown 
in Figure 3.14.  The camera with over a million pixels (1.3K´1.03K) in 2/3" CCD 
format was used to capture high resolution images during the tests. For a high 
resolution captured area of interest of about 200mm´200mm, each pixel in the image 
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space represents less than 0.2 mm in the real object space.  The accuracy obviously 
depends on the area of interest captured, that is the smaller the area, the better the 
accuracy. There was another CCTV camera mounted on the frame to monitor and 
guide the whole excavation process.  
In order to eliminate the noise picked up via the slip rings, an onboard 
compact PC was directly mounted close to the centre of the centrifuge, as shown in 
Figure 3.15.  The CV-M1 camera was connected directly to the onboard PC so that 
the camera could be controlled by the onboard compact PC through a commercial 
software OPTIMAS. Another well-known remote control software, PcAnyWhere, 
was used to control the onboard PC through a computer in the remote control room so 
that image capturing could be activated at any moment during a centrifuge test. The 
software was installed in both the onboard PC and a computer in the control room. 
Once a connection between these two computers was established, the computer in the 
control room could virtually take over the onboard PC. The desktop of the onboard 
PC was displayed on the monitor of the computer in the control room and users could 
control the onboard PC at their will.   
 
3.6.2 Image processing system 
 Once images are captured during a experiment, they could be used to analyse 
the soil movements and the berm movements between excavation stages. The 
accuracy of the movements is dependent on the method used for analysis though the 
same image capturing system was adopted. Traditionally, to obtain the soil 
movements, the soil movements were determined by tracking the centroids of markers 
put on the soil surface through a series of sequential images (Thanadol, 2003). 
However, this technique to obtain movement has some limitations. In the present 
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study, a relatively new image processing technique, namely Particle Image 
Velocimetry (PIV), was used to analyse the soil and berm movements. The PIV 
technique (Adrian, 1991; Willert and Gharib, 1991) is a texture-based image 
processing method, which allows the displacement of a small patch to be measured to 
sub-pixel accuracy through statistical analysis with an appropriate algorithm. Once 
the algorithm is implemented into a program, the movement between two images can 
be estimated automatically by the program. To use this technique to analyse soil and 
berm movements, a Matlab program written originally by Liberzon et al. (1999) was 
modified. There are several advantages in adopting this technique. The first is that 
movements obtained from this technique are more accurate. The second one is that the 
movement at any interesting position could be determined. The details of this 
technique are described in Chapter 4.  
 
Chapter 3 Centrifuge Modelling 
 57 
 


















Time  (viscous flow) 
Time  (dynamics) 





































Table 3.2 Properties of Kaolin clay (after Thanadol, 2003; Goh, 2004) 
Properties Value 
Specific Gravity (Gs) 2.60 
Liquid Limit (WL, %) 80 
Plastic Limit (WP, %) 35 
Compression Index (Cc) 0.55 
Swelling index (Cs) 0.14 









    








Figure 3.2 Sample mixing and de-air chamber 
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Figure 3.3 Stress history of the ground sample 























































Figure 3.6 Typical layout of a centrifuge excavation model 
 
 










Figure 3.8 In-flight Excavator (Mark-II) at NUS (after Goh, 2003) 
 
 
       
Figure 3.7  The two-sides of model retaining wall attached with stress cells 
 




Figure 3.9 NUS Geotechnical Centrifuge control room 
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Figure 3.12  A completed excavation model mounted on centrifuge ready for 
experiment 




Figure 3.13 A schematic diagram of in-flight excavation process 
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Chapter 4                                                                                    
Application of Particle Image Velocimetry 
 
4.1 Introduction 
To carry out quantitative analysis of the soil displacement field during a 
geotechnical centrifuge test, special techniques are needed to ensure that the 
displacements measured are sufficiently accurate to permit such analysis.  
Traditionally, to obtain the soil displacement field, markers (about 3 to 5 mm in 
diameter) are placed on the soil surface in a regular grid and then images of the 
marked soil surface are captured using photogammetry method or high-resolution 
video (Taylor et al., 1998; Thanadol, 2003).  The soil displacement at the centroid of 
each marker is then determined by tracking the movement of that marker through a 
series of sequential images. However, this technique for obtaining soil displacement 
has some limitations.  Firstly, pre-set target markers often do not provide enough 
details in areas of high strain gradient or localised strain, unless these are all known a 
priori to the test.  In some cases, the markers can also be partially obscured or fully 
covered by soil, which makes it difficult to determine the centroids accurately.  
Furthermore, it cannot show the soil displacement pattern in sufficient detail because 
of the relatively large markers and large spacing between these markers.  Finally, it is 
not easy to determine the centroids of the markers because usually these have to be 
determined manually.   
In order to get more accurate and detailed information of soil displacements, 
White et al. (2001a, b and 2003) made use of the particle image velocimetry (PIV) 
technique to record and analyse the soil displacement.  This is a technique used 
widely for many years in fluid mechanics to obtain accurate information about flow 
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fields in fluid, even in complex situations where vortices occur. However, in 
geotechnical centrifuge testing, White et al.’s work represents a pioneering effort.  
The principal reasons for the rather recent adoption of this method in centrifuge 
testing are the requirement for a sufficiently high-resolution mini digital camera 
which can operate under high gravitational acceleration and the acquisition of the 
immense volume of data accurately and without too much noise.  Only very recently 
has the price of such tools reduced to a level for geotechnical centrifuge users to 
consider.  The PIV technique (Adrian, 1991; Willert and Gharib, 1991) is a texture-
based image processing method, which allows displacements of small patches to be 
measured to sub-pixel accuracy through statistical analysis with an appropriate 
algorithm.  It is this that distinguishes itself from the previous system, which is based 
on a grid of regularly spaced and pre-arranged markers.  In the texture-based 
approach, the only requirement is that the texture is of any patch, big or small, is 
sufficiently unique so that statistical tracking of this patch is possible.   
Particle image velocimetry (PIV) is used for the non-intrusive whole-field 
simultaneous analysis of flow fields, and thus ideally suited for certain geotechnical 
tests, if the technique can be adapted.  The technique is two-dimensional and produces 
a two-component displacement map of a plane.  Because this method can yield the 
whole field displacement vectors, and not just those centred on pre-determined 
discrete markers as in most current methods, this method can be fruitfully used to 
observe the soil displacement field especially at unexpected locations. White et al.  
(2001a) pointed out that this image processing technique, coupled with the high-
resolution digital camera they used, can provide a precision of 1/15th of a pixel when 
tracking the movement of natural sand or textured clay.  They demonstrated that the 
sand contains sufficient inherent texture for the PIV technique to analyse the soil 
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displacement without recourse to intrusive target markers.  However, they also 
pointed out that white kaolin clay does not contain enough inherent texture.  To do a 
successful PIV analysis on kaolin clay, it is necessary to imprint on the surface of this 
clay a texture adequate for statistical purposes.  If this technique can be developed and 
calibrated, it can be fruitfully applied to measure the soil deformation in centrifuge 
tests of embankment, tunnelling and deep excavation problems when such clay is 
used.   
Because of the advantages of the PIV technique, it would be desirable to 
extend this technique to become a regular feature of centrifuge testing so as to be able 
to measure the soil movement accurately while the model is in-flight.  The present 
concern is to develop the technique for use with clay, which in most cases has no 
natural texture and thus such a texture has to be artificially imprinted. However, 
before such a technique can be applied with confidence, it is necessary to quantify the 
errors of the PIV system under both 1g and 100g conditions. Thus, the objective of 
this study is to evaluate the different ways the imprint can be made and then quantify 
the errors under 1g and 100g conditions when the PIV method is used.  These errors 
may come from system noises, the way the texture is imprinted and the method of 
image processing.  System noises include factors such as the vibration of the camera 
and container, poor lighting and scratches on the window through which the clay 
surface is viewed.  Before quantifying the errors of the PIV technique in centrifuge 
test, several algorithms involved with the PIV method are first evaluated and the best 
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4.2 Principles of the Particle Image Velocimetry technique 
4.2.1  Basic information for PIV technique 
 Though the particle imaging velocimetry technique is well known in fluid 
mechanics, its application in geotechnical engineering, and in particular centrifuge 
testing, is still relatively new but gaining increasing concern. Thus, for completeness 
sake, the key conceptual ideas behind this technique will be presented. Further details 
can be obtained from Willert et al. (1991), Adrian (1991) and Raffel et al. (1998).   
 The key idea in this technique is the need to ensure that the surface contains 
sufficient random texture so that the texture in each patch, big or small, is sufficiently 
unique to allow tracking of a selected patch through sequential images.  If the images 
of the surface are captured sufficiently fast and the event itself is sufficiently slow, 
then it is possible to select a patch, and then track it by searching in the next frame a 
patch with a perfect correlation with the present patch.   
The crucial step in PIV measurements is the particle image analysis.  The main 
task of this step is to determine the displacements between two successive images.  
The frequently used technique is the cross-correlation method (Keane, 1992), 
whereby the displacement is estimated by correlating two corresponding interrogation 
regions in two successive images as shown in Figure 4.1(a).  Once the correlation is 
performed, the correlation domain contains a displacement peak as shown in Figure 
4.1(b). The location of this gives the particle-image displacement.   
 Let )( 01 XI  and )( 02 XI  denote the intensities within the correlation-windows 
located at the same position X0 in the first and second frames, respectively.  The 
correlation-window defines a region in the first image, which is to be correlated with 
another region in the second frame.  The correlation of these two particle image 
patterns at X0 is given by 




)()()( 0201 += ò                   (4.1) 
where d is a 2-dimensional displacement vector.  In the present case, where the 
images are captured digitally, the cross-correlation for two discretely sampled images 
is defined as: 
åå ++´=
i j
fg njmigjifnm ),(),(),(f      (4.2) 
where ),( jif  and ),( jig  denote the image intensity distribution (gray value 
distribution for digital image) of the first and second image respectively, m and n the 
pixel offset between the two images and ),( nmfgf  the cross-correlation function.   
The reliability of the cross-correlation estimation depends on factors such as 
particle size and shape, number of particles per correlation window, particle 
displacement between images and local velocity gradient.  If the number of particles 
per correlation window is too sparse, there may not be enough particles in the 
interrogation window and the analysis will not produce meaningful statistics.  If the 
particle displacement between two images is too big, the number of particle pairs will 
drop, and the spatial correlation will diminish. Therefore, in order to obtain a 
successful cross-correlation analysis for basic algorithm, it is important to observe 
some important requirements (Keane, 1992). Firstly, the efficient particle pairs in 
each interrogation window should be bigger than 7; secondly, the two dimensional 
displacement between successive images should not exceed 25%~30% of the 
interrogation window size. Thirdly, the velocity gradient in each interrogation 
window should not exceed 0.2.  
There are two main ways to determine the cross-correlation function in digital 
PIV (DPIV).  The first one is direct cross-correlation as shown in Equation 4.2.  
However, the direct computation of the cross-correlation is time consuming since 
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several thousands displacement vectors need to be computed from one pair of images 
especially when there is no priori knowledge of the magnitude and direction of the 
displacement.  Another faster and more commonly used way to implement the cross-
correlation is to introduce the Fast Fourier Transform (FFT) into the cross-correlation 
process.  Given the size of a square interrogation area N, the computation for the FFT-
based cross-correlation process is reduced to ]ln[ 2 NNO  from ][ 4NO  for the direct 
cross-correlation process (Willert and Gharib, 1991), a reduction greater than N times.   
To implement the FFT method in digital PIV analysis to obtain the 
displacement between two successive images, for each pair of corresponding 
windows, the following operations are applied:   
1. The 2D FFT of both interrogation windows is calculated as follows:  
)),((),( nmfFFTvuF = ; )),((),( nmgFFTvuG =   
This can be accomplished using commercial FFT programs.   
2. The cross product of the first window FFT and the second window FFT 
conjugate is computed: ),(),(),( vuGvuFvu *=F¢   
3. The inverse FFT of the result of step 2 is determined: 
)),((),( 1 vuFFTnm F¢= -f   
4. The location of the maximum is found in the correlation plane ),( nmf  and the 
displacement can be computed.   
 
4.2.2  Improved approaches for DPIV image processing 
One of the most crucial, and useful, features of the digital PIV technique is 
that the position of the correlation peak can be estimated to sub-pixel accuracy 
through curve fitting method.  Since the intensity distribution of digital images for 
cross-correlation is discretized, the correlation value exists only at integral pixel 
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points and therefore, the peak value in the correlation plane ),( nmf could also only be 
found in some integral pixel point (m,n).  The displacement obtained from the 
location of highest peak value could be determined with an uncertainty of ± 1/2 pixel 
if no sub-pixel estimators are employed.  However, around the highest peak of the 
cross-correlation plane, some curve fit in both the horizontal and vertical direction 
will yield the approximate location of the correlation peak to sub-pixel accuracy.  
There are several curve-fitting methods used for sub-pixel accuracy estimation. The 
most widely used methods are Gaussian peak fit, parabolic peak fit and centroid. 
Among the three estimators, the Gaussian peak fit is most frequently implemented 
because the shape of the cross-correlation function is similar to that of a Gaussian 
function. The following procedures can be used to estimate the displacement between 
two images at a sub-pixel accuracy level (Raffel et al., 1998).  
1. Scan the correlation plane for the maximum correlation value ),( nmf  and 
store its integer coordinates ),( ji .  
2. Extract the adjoining four correlation values: ),1( ji-f , ),1( ji+f , )1,( -jif  and )1,( +jif . 
3. Use three points in each direction to apply the three-point estimation and 
obtain a sub-pixel accurate displacement estimate.  
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It should be noted that the displacement obtained from the cross-correlation 
function after sub-pixel estimation is the average displacement between two 
corresponding interrogation windows at two images. The measured displacement 
mu can be written as  
e+= uum           (4.6) 
where u is the true displacement, and e  is the error. The error may come from the 
image processing method and the camera noise. The error from the image processing 
method can be called the technique error that results from the implementation of 
cross-correlation, especially when it is implemented by FFT. Raffel et al. (1998) 
reported that the measured displacement for FFT-based cross-correlation would be 
biased to a smaller value. The sub-pixel peak-finding process could also contribute to 
the technique error. As stated above, some peak finding methods can used to simulate 
the displacement position to sub-pixel accuracy. However, none of them could exactly 
simulate the shape of the cross-correlation function even though the Gaussian peak 
finding estimator could simulate the behaviour very well.   
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Huang (1997) reported that the technique error is found to be of the order of 
0.1 pixel for basic interrogation algorithm. The basic interrogation algorithm has the 
following features:   
1. The cross-correlation is performed with no relative window offset; 
2. The size of interrogation windows are kept constant during the interrogation 
process; 
3. The cross-correlation is computed only once during the whole process of 
finding the displacements. 
For the FFT-based cross-correlation algorithm, these features are the main reasons for 
the relatively high error of 0.1 pixel. To reduce the technique error, some authors 
(Westerweel 1997; Scarano 1999) have proposed some improved interrogation 
algorithms. These algorithms can reduce the error to the order of 0.04 pixel. 
Westerweel (1997) proposed that the measurement error could be reduced by the use 
of offset of the second interrogation window equal to the integer-pixel displacement, 
as shown in Figure 4.2. Hence the residual displacement is only the fractional amount 
of the particle image displacement (in pixel unit), which is always smaller than 1/2 
pixel. After the window offset, the particles in the second interrogation windows 
match well with those in the first interrogation window, which means that there are 
more particle pairs between the two interrogation windows contributing to the cross-
correlation function and subsequently would yield a more accurate shape of the cross-
correlation function compared to the basic algorithm.   
Furthermore, one can reduce the interrogation size to obtain a high resolution 
in space after window offset. Scarano (1999) proposed an iterative multigrid approach, 
which combines the discrete window offset and a reduction of the size of the 
interrogation windows, as shown in Figure 4.3. This algorithm is introduced in some 
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details here because the DPIV program used in the present study is based on this 
algorithm. The procedures of the algorithm are shown below:  
1. The interrogation window size of a 1st level grid is approximately determined 
by the one-quarter rule as mentioned in section 4.2.1. Then the displacements 
are calculated by the basic interrogation method.  
2. At the 2nd level grid, the corresponding interrogation windows in the second 
image are translated by the integral part of the measured displacement from 
step 1. At the same time, the sizes of the interrogation windows are reduced. 
Then the cross-correlation is applied to obtain the displacements.  
3. The analysis down to the nth level grid proceeds using the same step for each 
grid level as described for 2nd level grid, except that the discrete offset 
displacement is estimated from the previous coarser level grid.  
The main improvements obtained with this algorithm are increasing the 
maximum measurable displacement and reducing the interrogation window size. 
Accuracy of this method is also improved compared with the basic algorithm. The 
comparison of different algorithms will be presented later. Scarano (1999) reported 
that the interrogation window size could be reduced by a factor of 4. Subsequently the 
maximum measurable displacement could be increased by a factor of 4.  
The implementation of the previous algorithms is based on FFT, which could 
significantly reduce the computation time. However, the sharp peak of the FFT based 
correlation function cannot allow a reliable sub-pixel estimation of the displacement 
and subsequently leads to a bigger error. To overcome this problem without losing the 
advantage of fast processing for FFT, Huang (1997) proposed to normalise five 
correlation values used to determine the sub-pixel location of the correlation peak. 
First, an integral peak is found using the previous discussed algorithm based on FFT. 
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Then this peak and its four neighbouring points of the correlation function are 
normalised. These five normalised correlation points are then used to determine the 
correlation peak to the sub-pixel accuracy. It is clear that the normalization on only 
five values takes little additional computation time.  
To illustrate the improvement for the improved algorithms, Figure 4.4 shows 
the results obtained by different schemes to measure a uniform displacement field of 
about 8.35 pixels between two successive images. Figure 4.4(a) shows that vectors of 
displacement field estimated by basic correlation algorithm in which interrogation 
window size was 32 ´ 32 pixels and the displacement was about 26% of the 
interrogation window size. It can be seen that the basic correlation algorithm 
evaluates the displacement quite well. But there were fewer vectors in the image area 
compared to Figure 4.4(c). If the interrogation window size is reduced to 16 ´ 16 
pixels, the displacement is about 52% of the interrogation window size. From Figure 
4.4(b), it is obvious that there were many vectors that were wrongly determined from 
the basic algorithm, which makes the evaluation meaningless. However, if the basic 
correlation algorithm is incorporated with the window offset and window size 
refinement, it is clear from the Figure 4.4(c), that even though the interrogation was 
reduced to 16´16 pixels, the measured displacement vectors were quite consistent. 
Furthermore, now there are four times as many vectors as in Figure 4.4(a), which 
means that the window refinement can increase the spatial resolution. Therefore, it 
can be concluded that the improved algorithm with window offset and window size 
refinement not only increase the maximum measurable displacement but also the 
spatial resolution.  
In order to determine the measurement difference of each algorithm, an 
experimental setup was specially fabricated. The experiment involved tracking the 
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movement of a test pattern through ten successive images, with each test pattern 
shifted by about 1 mm horizontally for each time. At the same time, images were 
captured. The NUS in-flight excavator, which is powered by a refined stepper motor, 
can be used to generate a shift of 1 mm. The test pattern was pasted on a fabricated 
aluminium plate that was firmly fixed on the excavator using two pairs of nuts and 
bolts, as shown in Figure 4.5. While the excavator was controlled by the computers in 
the control room via the electrical slip rings, the digital images captured by the 
camera are stored directly on board a solid hard disk placed on the rotating arm of the 
centrifuge close to the central axis.  Each time, the movement of the scraper was also 
measured by a dial gauge with the precision of the order of 0.002 mm. The image 
processing by different PIV algorithms was conducted to compute the difference 
between the computed movement and the actual movement from the readings of the 
dial gauge.  
From the results shown in Figures 4.6 and 4.7, the differences among the four 
algorithms can be clearly seen. The measured displacements from the basic algorithm 
are obviously biased towards a smaller value compared to the readings from the dial 
gauge. These differences range from 0.1~0.15 pixel and agree well with Huang’s 
(1997) finding that the measurement error is of the order of 0.1 pixel for the basic 
interrogation algorithm. The results from the other two improved algorithms are quite 
similar, which are also biased towards a smaller value, but most of the differences are 
less than 0.05 pixel. This finding also confirms that the measurement error for the 
improved algorithm is of the order of 0.04 pixel (Westerweel 1997; Scarano 1999). 
The results show that the improved algorithms could significantly reduce the 
measurement errors. Furthermore, from Figures 4.6 and 4.7, the best algorithm is the 
one with normalization, which gives the most accurate results. Most of the 
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measurement differences are less than 0.03 pixel. This experiment gives a clear 
picture of the differences between the four algorithms. Therefore, it can be concluded 
that the algorithm with window offset, window size refinement and normalisation on 
five points is the best one.  
 
4.3 Preliminary test – importance of texture  
To establish whether kaolin or other similar uniform clays have sufficient 
texture, a simple self-weight centrifuge test with kaolin clay was conducted.  There 
are two key objectives in this first experiment, namely to assess the feasibility of 
using the PIV technique to obtain accurate information on soil displacement and to 
compare the two methods for adding texture to the soil surface.   
In order to make the kaolin clay surface to have sufficient information or 
texture to allow for the implementation of the PIV technique, two methods were tried 
to add this texture on the surface.  The first way is to add small black beads (diameter 
about 1 mm) on the surface of the clay.  In the second method, black markers are put 
on the surface of the clay using fine marker painter.  In both cases, the markers were 
added randomly and approximately uniformly to ensure sufficient information or 
texture even for a small area.   
As shown in Figure 4.8, the beads on the left part of the area were added 
randomly and approximately uniformly.  In the middle part, the markers were painted 
on.  On the right side, no markers were added, just the soil sample itself on view.  A 
self-weight consolidation test was then conducted at 100g, and the PIV software 
developed in house based on the principles laid out in the previous section was used 
to analyse the digital images to obtain the soil consolidation settlement.  Two images 
from two different times were then chosen and the displacement of the markers 
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between these two times obtained at various points.  The resulting displacement 
vectors obtained using the PIV method are also shown in Figure 4.8.  Clearly no 
information can be discerned on the right side, and thus no information about the 
displacement can be obtained due primarily to the fact that this part of the surface 
does not contain enough texture for the application of the PIV technique. Therefore, 
for the kaolin clay used, it is necessary to add additional markers to ensure that the 
images have sufficient texture so that the PIV method can be applied.   
The displacement vectors on both the left and middle parts of the area, looks 
visually consistent with a one dimensional self-weight consolidation test, where 
settlements at the same depth should be the same. Based on this idea, the average 
settlements at different depths in the left part (embedded with beads) and the middle 
part (painted on) were calculated and compared. The comparison shown in Table 4.1 
reveals that the settlement in the left part embedded with beads, is nearly the same as 
that in the middle part, where the dots are painted on. Thus, both kinds of markers can 
be used for providing sufficient texture on the clay surface for the application of the 
PIV technique.  Therefore, the method where dots are painted onto the surface is used 
in subsequent tests.  
 
4.4 Experiments and Results  
In order to establish the reliability of this new measuring system in the 
centrifuge, it is necessary to develop an experimental set-up, which can facilitate the 
measurements of movement under 1g and 100g conditions and which can be checked 
against another independent yardstick of measurement of the movement. These 
experiments involved tracking the movement of the test pattern through a series of 
successive frames, with the test pattern shifted by about 1 mm horizontally each time.  
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The experimental setup is the same as described in Section 4.2.2.   The images were 
captured at the same time by a still digital camera which provides a pixel resolution of 
1296´1026.  Through the image processing by PIV method as explained above, the 
movements could be obtained.  Then the computed movements were compared with 
the actual movements measured by dial gauge or LVDT to assess the difference under 
both 1g and 100g conditions.   
 
4.4.1  Calculation of calibration factor 
Before discussing the quantitative results from the PIV technique, a calibration 
factor is needed to compute the movement from the pixel count.  To do this, a test 
pattern comprising four identical patches, with an exact horizontal spacing of 20 mm 
and a vertical spacing of 15 mm, and four corner dots, with a horizontal spacing of 50 
mm and a vertical spacing of 35 mm was used.  This test pattern is also used 
subsequently for other tests.  Each patch comprises random small dots with diameter 
of about 0.8 mm,  and the corner dot has a diameter of 3 mm.  The corner dots were 
designed to track the movement using a method which monitored the centroids.   
A total of 20 images of the pattern were taken while it is stationary.  From the 
test pattern, 45 vectors can be obtained in one image, and from each vector, a 
calibration factor is obtained.  Thus, with a total of 20 images, a total of 900 
calibration factors were obtained and the average of all these is used to obtain the 
final calibration factor.  Using this, the computed average calibration factor for the 1g 
experiments was 0.21824 mm/pixel and the standard deviation is 0.00003 mm/pixel.  
Clearly, the calculated calibration factor is accurate enough for geotechnical 
centrifuge tests.  Using the same approach, the calibration factor under 100g is 
0.21889 mm/pixel and the standard deviation is again 0.00003 mm/pixel.  Thus the 
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calibration factor is slightly higher than that for 1g condition.  This difference is likely 
to be due to the slight movement of the camera frame and the slight distortion in the 
Perspex surface of the container when the centrifuge is operating at high g-level.   
 
4.4.2  Stationary errors at 1g and 100g 
The 20 stationary images obtained at 1g and 100g respectively from the 
stationary test pattern were used to determine the stationary error, which will provide 
a measure of the noise produces by the system.  Two methods of image processing 
were employed to analyse the stationary errors.  One is the PIV method, the focus in 
this study, and the other one is using a commercial image processing software, known 
as Optimas, which tracks the centroids of the dots.  The stationary error eD  is 
expressed as: 
22 yx D+D=De                      (4.7) 
where xD  and yD are the differences between images in x and y  direction 
respectively.  
From Figure 4.9, the stationary errors obtained from the PIV method for the 
1g tests are very stable and small at around 0.004 mm.  On the other hand, the 
stationary errors obtained when the method of tracking centroid is used are much 
larger at 0.09 mm.  Furthermore, the results from the latter method are not stable.  
Figure 4.9 shows that under 100g condition, the stationary errors from the PIV 
method are around 0.007 mm, which is bigger than those for stationary errors 
obtained for 1g tests when the PIV technique is used.  Again, the stationary errors 
arising from the method of tracking centroid is much bigger than those from the PIV 
method. Some errors even exceed 0.1 mm. 
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From the above results, it is evident that PIV method is very stable and 
produces very small stationary errors compared to the method based on centroid 
tracking, which is the method employed when regular grid of markers are used, as 
was commonly practiced in centrifuge testing in the past.  It is also clear that due to 
vibration of the camera and the container, the stationary errors in the 100g tests are 
nearly twice as much as those when the tests are conducted at 1g when the PIV 
technique is used.  In the case of employing the method of tracking the centroid, as 
the stationary error under 1g condition is already very large, the error due to vibration 
in the centrifuge did not appear to be significant compared to the error from this 
approach.  As the stationary error for the PIV method is so stable, it could be filtered 
out of the system.  However, as the fluctuations in the stationary errors are so large for 
the method of centroid tracking, it is difficult to use the stationary errors found for 
filtering purpose.   
 
4.4.3  Calibration of movement 
In the previous section, the stationary errors were quantified.  In this section, 
the error in tracking a series of step movements is assessed.  Thus, the next set of 
experiments was designed to calibrate the errors when the PIV method was used to 
track the pattern when subjected to single step movement of the motor from image to 
image.  For this purpose, only 1g tests were carried out.  During the experiment, a dial 
gauge with a precision of 0.002 mm was employed to measure the movements of the 
test pattern.  The measurements by the PIV method and the dial gauge were presented 
in Figure 4.10(a).  Technically, the movement should be directly proportional to the 
number of steps as the stepper motor advanced.  However, in actual fact, there is little 
movement before the seventh step because the excavator needs a few steps before 
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movement can be generated, due mainly to the fact that there are slacks in the 
mechanical system designed.  However, as can be seen from this figure, even the very 
small movements in the first few steps were accurately detected by the PIV method.  
The errors between the two kinds of measurements are presented in Figure 4.10(b).  
The standard deviation of these errors is slightly smaller than 0.005 mm.   
 
4.4.4  Calibration of a 1 mm movement under 1g condition 
Next, the accuracy of PIV was assessed in a situation where there is significant 
movement between two successive images. As explained earlier, if the displacement 
between two sequential images becomes too big, then the cross-correlation may not 
be able to track the movement accurately.  For this purpose, three sets of experiments 
were carried out.  Each set of experiment involved 8 stages of movement with about 1 
mm in each stage.  To improve the accuracy of the independent measure of the actual 
movement, a dial gauge and a linear variable differential transformer (LVDT) were 
used simultaneously to measure the movement of the test pattern.  The dial gauge was 
the same one mentioned above.  The LVDT is highly accurate with a maximum non-
linearity of 0.126%.  From Figure 4.11, it is clear that the movements measured by the 
PIV method agree well with those measured by the LVDT and dial gauge.  Even the 
every small fluctuations between stages, which are impossible to be detected by the 
more traditional method of centroid tracking, were picked up by the PIV method.   
Furthermore, from Figure 4.11, the differences between the PIV method and 
the LVDT measurement or dial gauge measurement can be calculated.  These 
differences are shown in Figure 4.12.  Most of these differences are within ± 0.01 
mm.  Actually, the statistical analysis of these differences showed that the standard 
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deviation in the measurement of a 1 mm displacement under 1g condition is 0.005 
mm.   
The performance of the method of centroid tracking is shown in Figure 4.13. 
As expected, there is a bigger deviation from the values measured by LVDT and dial 
gauge.  The maximum difference is over 0.04 mm and the standard deviation in the 
measurement of a 1 mm movement is as high as 0.03 mm.  
 
4.4.5  Calibration of a 1 mm movement under 100g condition 
Owing to vibration of the camera and the frame as well as very small 
distortion in the container, measurement differences at high g level are higher than 
those at 1g.  In the present study, the differences at 100g, a commonly used g level, 
are determined.  Two sets of 100g calibration experiments were carried out.  Owing to 
the difficulties in placing and reading the dial gauge at high g, the movement of the 
test pattern was measured only by LVDT.  The results of the experiments are 
presented in Figure 4.14.  The displacements analysed by the PIV method agree well 
with those measured by LVDT.  The differences between the movement measured by 
the PIV method and that directly by LVDT are shown in Figure 4.14(b).  The 
differences under 100g conditions, as expected, are bigger than those under 1g 
conditions.  The statistical analysis of these differences showed that the standard 
deviation in the measurement of a 1 mm movement using the PIV method, as 
compared to that measured by a LVDT is 0.007 mm, smaller than the 0.01 mm that is 
seen as a minimum requirement to ensure adequate accuracy.   
Again, as a comparison, the displacements obtained by the method of centroid 
tracking using the commercial software Optimas are presented in Figure 4.15(a).  It is 
evident that the measurements by Optimas are not as accurate as the PIV method, 
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though the use of such commercial software is much more straightforward.  It is also 
clear that the method of direct tracking the centroid of a marker cannot capture the 
small fluctuations between steps, an indication that the accuracy in this method is still 
not adequate.  The comparison of differences for the PIV method and the method of 
centroid tracking is shown in Figure 4.15(b).   
 
4.4.6 Analysis of cumulative differences  
In the previous section, the difference incurred in individual stages of 
movement of about 1 mm was assessed.  However, in most experiments, it is the 
cumulative movement after many stages that is measured and of interest.  For 
example, an excavation experiment will comprise a number of stages such as 
excavation, strutting and excavation again.  In some cases, the incremental movement 
from frame to frame can be obtained using a relevant image processing method or 
measuring system and the cumulative movement up to the stage of interest can be 
added up from the individual incremental movement.  However, it is inevitable that 
the measurement of each incremental movement will contain some differences and 
the sum would contain cumulative differences.  Also, it is time consuming to carry out 
such incremental measurements and in many cases, only cumulative movements at 
significant stages are of importance.   
Thus, in this section, the differences in the measurement of total movement are 
assessed.  In this assessment, the total movement between two stages is measured 
using the PIV method in two ways, namely by summing the incremental movements 
(termed cumulative movement) and by measuring the movement between the first 
image and image at the stage of interest (termed one-pair movement).  In Test 1, the 
total movements at the end of a total of eight stages are assessed.  The total movement 
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of the test pattern is about 8 mm, which corresponds to 80cm in prototype scale at 
100g.  The results are shown in Figure 4.16.   
From the results, it is clear that the in both cases, the difference between using 
the PIV method and the LVDT to measurement movement tends to increase with 
increasing total movement. More importantly, the differences are all positive with a 
maximum value of about 0.02 mm, meaning that the PIV method gives a higher value 
than the LVDT.  On the other hand, the difference between the values from PIV 
method and that from dial gauge does not have such a clear trend; but interestingly, 
the differences are all negative with a minimum value of about –0.008 mm.  Such 
results show that the measurements from the PIV method overestimate as compared to 
the LVDT measurements but underestimates when compared to the dial gauge 
measurements.  This trend is consistent with that in shown Figure 4.12, in which most 
of the differences are positive when compared to LVDT and negative when compared 
to dial gauge readings. Figure 4.17 also shows that the differences for the two ways of 
using PIV, namely calculating cumulative movement and calculating the one-pair 
movement have nearly the same trend though generally the one-pair difference is 
larger than the cumulative difference. The maximum difference is about 0.005 mm, 
which if viewed with likely inherent error in the system, means that up to a movement 
of 8 mm, both methods can be used to measure the movement accurately.  As 
explained earlier, each method has its own merits depending on the circumstances.   
 
4.4.7  Analysis of different particle sizes and densities 
Another factor that will affect the accuracy of the PIV method is the design of 
the texture to be imprinted on a surface.  In the present study, the texture is made of 
small dots arranged randomly.  The size and density of the dots would have an 
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influence on the accuracy. In order to investigate such influences, another series of 
experiments was carried out under both 1g and 100g conditions with markers of 
approximately 1.0 mm, 0.8 mm and 0.6 mm diameter.  For each particle size, a patch 
was designed to contain a low, a medium and a high density area, as shown in Figure 
4.18.  In PIV, the patch will be subdivided into small windows for the purpose of 
carrying out the correlation analysis.  Such a division for the case of 1 mm particles is 
shown in Figure 4.19, with each window having a size of approximately 7.6 mm.  In 
this case, the low density area contains about 6 to 7 particles within each window, just 
enough for the application of PIV to obtain one displacement vector.  The medium 
and high density area will have about 9 to 10 particles and 15 particles, respectively, 
per window.   
The results presented in Figure 4.20 reveal that in each case with a different 
size dot, there is no discernible trend among the results for the three different 
densities.  This is an important observation as it means that as long as a minimum 
threshold number of points are available in a patch for the application of PIV, 
increasing the density will not contribute significantly to improved accuracy.  This 
result is in consistence with the work of Keane & Adrian (1992) who found that 6 to 8 
particles in a window is enough.    
Figure 4.21 shows that the magnitude of differences between high, medium 
and low density measurements for each dot size is greater for the largest 1 mm dots.  
However, the trend between 0.8 mm and 0.6 mm dots is not obvious.  This is made 
clearer in Table 2 where the averages of the absolute differences are given and these 
indicate very clearly that the differences in the case of using 1 mm particles are 
significantly larger than the other two cases.   
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This means smaller size markers are preferred for preparing the texture of a 
surface.  There is another advantage when smaller markers are used.  As the minimum 
density per window required for the application of PIV is the same (about 6 to 7), 
therefore the size of a window to ensure that it contains an adequate number of 
particles to facilitate PIV analysis is smaller if smaller particles are used.  
Consequently, over the same area of an image, more windows for correlation analysis 
can be formed to obtain more displacements vectors. 
 
4.5 Summary 
Centrifuge testing is increasingly used to study pre-failure behaviour of 
geotechnical problems.  However, one constraint to greater exploitation of this in a 
centrifuge is the difficulty to measure displacement field accurately while the test is 
in-flight and to obtain adequate information where it is needed most.  In many typical 
centrifuge tests, the g-level is 100.  Thus if the accuracy of the movement measured in 
the prototype scale is expected to be not more than 1 mm, then the desired accuracy in 
the centrifuge is smaller than 0.01 mm.  This is not considered excessive in many 
practical situations such as in excavation tests where the ground movement is not 
expected to be significant.   
Many advances in new technology can now be fruitfully exploited in 
centrifuge testing to ensure better measurement.  Chief among these advances is the 
availability of reasonably priced high-resolution digital video camera and availability 
of solid hard disk that can be mounted on centrifuge arm so that innovations in image 
processing can be brought to greater effectiveness in this type of testing.  The 
traditional method in this field is to have a pre-fixed grid of regularly spaced markers 
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and the use of various softwares, which can then track the centroid of each marker.  
However, this approach has a number of limitations.   
The particle imaging velocimetry (PIV) technique has been developed and 
used by researchers in fluid mechanics for many years to obtain detailed information 
of entire flow field.  This is a powerful technique as it does not depend on a pre-fixed 
pattern, but instead produces a whole-field displacement pattern.  This is a significant 
advantage over the traditional approach as detailed information can also be obtained 
at unexpected locations.  In a very recent cross-innovation, a group in Cambridge was 
able to adapt the technique for implementation in the centrifuge.  In their reported 
work, the concentration was on tests with materials that produce natural textures 
suitable for the application of this technique.  However, as shown in this study, with 
highly uniform clay like kaolin, there is little natural texture for the application of the 
PIV technique.  To do so requires the imprint of a texture on the surface.  This study 
reports the results of a thorough investigation into various issues concerning the use 
of the PIV technique on a surface where textures have been imprinted.   
From the results presented in this study, the following conclusions can be 
drawn:  
1. The PIV method is a very accurate and stable method to measure the soil 
movement.  PIV technique is a texture-based image processing method, which 
allows displacements of small patches to be measured to sub-pixel accuracy 
through statistical analysis with certain algorithm.  Even a small displacement, 
for example 0.005 mm, can be accurately picked up by the PIV method.  This is 
not possible with the traditional technique of tracking centroid of marker.   
2. However, for clay such as kaolin, there is not enough natural texture for the 
application of this PIV technique.  Thus, it is necessary to provide an imprint to 
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produce such a texture.  This study has shown that the use of very small 
particles or points marked with fine paint markers are equally effective to 
produce a texture for the application of PIV technique.   
3. A series of results have been presented to quantify the stationary errors, and the 
differences between the PIV and other direct measurement technique such as 
dial gauges and LVDT.  The results show that the PIV technique is highly 
reliable and also produces very stable prediction.  Under 1g condition, the 
difference is about 0.008 mm when comparing PIV measured values with the 
other two direct measuring techniques. Under 100g condition, the difference is 
smaller than 0.015 mm. This higher value is mainly due to system errors such as 
vibration of camera and distortion of the model container.   




Table 4.1  Consolidation settlement for bead and paint area 
Vertical position of image (in 
terms of pixels from the top) 48 96 144 192 240 288 
Settlement of area with beads 
(pixels) 1.938 1.843 1.771 1.402 1.335 1.152 
Settlement of area with painted 
markers (pixels) 1.977 1.861 1.775 1.402 1.325 1.228 










Average of absolute difference 
between low and high density (mm) 
Average of absolute difference between 
medium and high density (mm) 
1 mm 0.0108 0.0081 
0.8 mm 0.0044 0.0068 













(b)A typical cross correlation function (after Raffel et al. 1998) 
Figure 4.1   Process of cross correlation and image for a typical cross correlation function 
Image1 














a b  
 
Figure 4.2   Application of the window offset.  a. Interrogation window in the first 









Figure 4.3   Application of window size refinement (after Scarano, 1999) 
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I. Interrogation window size: 32 ´ 32 
pixels 
II. Without window offset 
III. Without window size refinement 
 
(a)   











I. Interrogation window size: 16 ´ 16 
pixels 
II. Without window offset 
III. Without window size refinement 
 
(b)   











I. Original Interrogation window size: 
32´32 pixels 
II. With window offset 
III. With window size refinement from 
32´32 pixels to 16´16 pixels 
 
(c)   
Figure 4.4   DPIV measurements of a uniform movement field with about 8.35 pixels 
 





(a) Test pattern 
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(b) Set up for image acquisition 





























































With offset and refinement
With normalization
 
Figure 4.7 Measurement differences for the four algorithms 
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(b) Differences between Dial gauge and PIV 
 










































































Figure 4.11  1 mm movements measured by three methods at 1g 
 







































































(b) Differences to LVDT and Dial gauge  
Figure 4.13  Step movement and differences for Optimas centroiding method for T1 at 
1g 
 

















































(b)  Differences between LVDT and PIV 
Figure 4.14  1 mm step movement and PIV step differences to LVDT for two 100g 
tests 
 



































































































Figure 4.17  Difference between cumulative and one-pair difference 
 
 





   
(a) 1 mm diameter patch;   
size of 5.4 cm´5.7 cm 
(b) 0.8 mm diameter patch; 
size of 5.5 cm´5.7 cm 
(c) 0.6 mm diameter patch; 
size of 5.6 cm´5.8 cm 
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(e) 0.6 mm 1g (f) 0.6 mm 100g 
Figure 4.20  Step movement for different density and particle size at 1g and 100g 
 
 



























Figure 4.21 Difference between measurement using high density and medium or low 
density for 1 mm, 0.8 mm, 0.6 mm patches at 100g 
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Chapter 5                                                                                              
Undrained Bearing Capacity of an Embedded Improved Soil Berm in 
an Excavation 
 
5.1  Introduction  
An embedded stiff berm essentially behaves like a horizontal pile subjected to 
a load applied by the retaining wall and derives its resistance from both end bearing 
and interfacial shear resistance (Thanadol, 2003).  This resistance helps to restrain the 
wall from moving inwards to the excavated side.  The principal difference between 
such an embedded berm and a typical pile is that the mechanism for mobilisation of 
end bearing capacity is different, and also the overall resistance mobilised is very 
much affected by the progress of excavation, with its consequential reduction of 
overburden acting on the embedded berm.   
Using a concept similar to that for a pile, the ultimate load capacity uQ  of an 
improved soil berm under axial load as shown in Figure 5.1 can be regarded as the 
sum of the end-bearing load bQ  and the shaft resistance load sQ  as follows:   
( )LsUsbbsbu fAfAqAQQQ ++=+=                (5.1) 
where bA  is the cross sectional area of the improved soil berm, bq  is the unit end 
bearing capacity of the improved soil berm, sA  is the contact area at the top and 
bottom surfaces of the improved soil berm and Uf  and Lf  are the unit mobilised 
interfacial shear resistance between the soil and the upper and lower surface of the 
berm, respectively.   
However, to date, there is no known reported literature on the determination 
of the undrained ultimate bearing capacity of such a berm, especially for the unit end 
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bearing, bq .  In this Chapter, the undrained end bearing and shaft resistance of an 
improved berm under a plane strain condition are determined.  The undrained end 
bearing capacity of the improved berm is first derived using a solution from a 
proposed upper bound analysis and then modified, taking cue from an equivalent 
finite element analysis.  The undrained shaft resistance of the improved soil berm is 
also assumed to behave according to theory of pile foundations.  
 
5.2  Undrained end bearing capacity of an improved berm 
The bearing capacity of foundations is generally calculated using Terzaghi’s 
(1943) equation.  The unit end bearing resistance is assumed to be comprised of three 
basic components as follows:  
g
g
g NBDNNcq qcub 2
++=                  (5.2a) 
where D and B are the depth and width of a foundation respectively; cN , qN , gN are 
non-dimensional bearing capacity factors and are functions of the soil friction angle, 
f .  For cN , it is also a function of the ratio of the depth over width of the foundation, 
B
D .  For an undrained case involving saturated clay, 0=uf and 1=qN  and 0=gN .  
In such case Equation (5.2a) becomes: 
DNcq cub g+=                   (5.2b) 
where for certain type of foundation cN  is a function of B
D  only (Skempton, 1951) as 
shown in Figure 5.2. 
The objective of this section is to determine the value of cN  for the case of an 
improved soil berm and to verify whether 1=qN  for an undrained case.  The value of 
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cN  is first obtained by an upper bound solution and then estimated using FEM.  
According to the FEM results, the upper bound solution is then modified to provide 
an empirical formula to evaluate cN .  cN  presented here lies between the upper 
bound and lower bound solutions provided by Davis et al. (1980).  Furthermore, the 
value of cN  also agrees well with the estimate of the breakout factor for strip anchors 
proposed by Meyerhof (1973).  
  
5.3  A proposed upper bound solution 
The bearing capacity problem is a collapse load problem. There are three 
analytical methods which could be used to predict the collapse load, namely the limit 
analysis, the slip-line field method and the limit equilibrium method. All three 
methods are approximate methods except for some special cases, since for a complete 
solution the basic requirements of equilibrium of stresses, compatibility of strains, 
material behaviour and even the boundary conditions, both load and displacement, 
must all be satisfied. The requirements satisfied by the approximate methods are 
given in Table 5.1 (Potts et al., 1986; Potts, 2003). All four requirements are satisfied 
by a limit analysis solution provided that both the upper bound and lower bound 
solutions result in the same answer. Apart from this special case, all the methods fail 
to satisfy at least one of the requirements. More detailed information on these three 
methods could be found in Chen (1975).  
In this chapter, the upper bound limit analysis is adopted to predict the end 
bearing capacity of an improved soil berm based on the following reasons. Firstly, the 
slip-line field method is too complex to be used practically. Secondly, an upper bound 
limit analysis solution can be regarded as a special limit-equilibrium solution but not 
vice versa (Chen 1975; Michalowshi 1989). Thirdly, owing to difficulties of 
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constructing statically admissible stress fields manually, the use of lower bound limit 
analysis is very limited. For these reasons, the upper bound limit analysis was widely 
utilised to solve stability, earth pressure and bearing capacity problems (Henkel 1971; 
Chen 1975; Karal 1977; Chang 2000).   
To determine an upper bound solution for the end bearing, it is necessary to 
calculate the work done by internal stresses and external loads during an incremental 
movement of a kinematically admissible mechanism (Chen, 1975; Atkinson, 1993).  
Thus, for an upper bound solution, it is important to have an idea of the actual failure 
mechanism for such an embedded berm.  In the present case, this is provided by 
imaging data from centrifuge tests conducted as part of the present study and shown 
in Figures 5.3 and 5.4. The displacement vectors shown have been established 
through the use of a technique known as Particle Imaging Velocimetry (White et al., 
2003 and Zhang et al., 2005).  From the movements shown in Figures 5.3 and 5.4, a 
failure mechanism as shown in Figure 5.5 is assumed.  In deriving the upper bound 
solution, the soil is assumed to have a unit weight g, an undrained soil strength cu, and 
the tip of the berm is smooth.  
If the berm moves with a horizontal velocity V0, the other velocities in this 
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where 1V  is the velocity of the triangular block in Figure 5.5; 2V  is the velocity of the 
block above the berm; 12V  is the relative velocity between these two blocks. a and b  
are two angle variables involved in the failure mechanism. 
For this mechanism, the external work done E is:  
vvb VDCVDDDVqE )tan()tan(2
1




1 CDVVDDVqb gg --        (5.3) 
where C is the vertical distance from the excavation base to the top surface of the 
berm at each excavation stage and D is the thickness of the improved soil berm.  
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To obtain the upper-bound solution, a and b has to be such that bq  is a minimum.  










In the present form, it is difficult to solve for the two optimum angles directly.  
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Let atan=s , btan=t  and 
D
Cm = , where the ratio m could be thought of as an 
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The upper-bound solution could now be obtained with respect to variables s and t as 
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If these relations for s and t are placed into Equation (5.7), the corresponding upper-
bound solution is:  
)
2
1(1 ++= mDcNq ucb g                  (5.12) 





111 +-+=                      (5.13) 
Clearly, 1cN  is dependent on the value of m (=C/D), as shown in Figure 5.7.  a and 
b are also dependent on the value of m, as given by the relations below and shown in 























mm                 (5.15) 
From Figure 5.7, the result for Nc1 when m is very small is not good.  For 
example, if m=0, it is well known that Nc should be 2 ( )2
1(2 ++=
D
CDcq ub g ), 
implying that the soil surrounding the end of the berm is in a passive state of failure.  
In an undrained case, the angle of the slip plane to the horizontal should be °45  
according to Rankine’s theory.  Thus, a modification is needed for Equation 5.13 in 
the case of very small m (the definition of “small” will be established subsequently).  
A reasonable assumption is that the slip plane is continuous. In Figure 5.6, a 
continuous failure plane means that 21 VV = and 012 =V , which leads to:  
ab -°= 90                       (5.16) 
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It is obvious that the optimum solution for this failure mechanism is when °= 45a . In 
this case, the corresponding upper bound solution is:  
)
2
1(2 ++= mDcNq ucb g , where 
D
CmN c 42422 +=+=                  (5.18) 
In Equation (5.18), 2cN  is 2 when 0=m  and increases linearly with m.  The variation 
of 2cN  with m is also presented in Figure 5.7. The point of intersection between 1cN  
and 2cN  is 4/1=m , and the value of cN  at this point is 3.  Furthermore, if this value 
of m is substituted into Equations (5.14) and (5.15), a  and b  have the same value of 
°45 , which is consistent with the assumption in deriving Equation (5.18).  Thus, for 
the modification, 2cN is used for 4
10 ££ m  while 1cN is used for 4
1
³m , that is, the 




111 +-+== ,      for 4
1
³m ; and 
mNN cc 422 +== ,                          for 4
10 ££ m .              (5.19) 
This process also helps to clarify the definition of how small the value of m should be 
before the modification is adopted.  In this case, the value is m=0.25.  Variation of 
cN  with m, as defined by Equation (5.19), is plotted in Figure 5.9.  The upper bound 





CDcNq ucb g                  (5.20) 
where Nc is given by Equation (5.19).  Equation (5.20) can be used to evaluate the end 
bearing capacity of an embedded improved soil berm in an excavation.  Comparing 
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with Equation (5.2b), the upper bound solution for qN  is also equal to 1 and is 
independent of m.  
The failure mechanism proposed above is similar to that proposed by Davis 
et al. (1980) as shown in Figure 5.10, who used this failure mechanism to determine 
the upper bound solution for the collapse of a plane strain tunnel.  There are three 
variable angles involved in this mechanism, and the upper bound solution was found 


















d = .  
According to Davis et al. (1980), this solution is also applicable to the case of 
a blow-out failure for a plane strain tunnel, though the direction of the movement of 
the failure body would be reversed.  In essence, this type of failure is similar to the 
failure of the end bearing capacity of an improved berm.  Figure 5.9 shows the 
bearing capacity factor Nc obtained in previous section and the number N from 
Davis’s solution.  It could be seen that the value of Nc derived in this chapter is close 
to the value of N from Davis et al.’s solution.  The small difference reflects the 
slightly different failure mechanisms in the two problems.  
 
5.4  Finite Element method (FEM) 
Another powerful approach, besides the analytical methods, is the finite 
element analysis. All the four requirements in Table 5.1 are met, and the geometry 
and boundary conditions of a specific problem can be accurately modelled. Based on 
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this, it is expected that FEM should be able to provide a more accurate estimate of 
bearing capacity.   
FEM has been used to predict the bearing capacity problem of foundations 
(Davidson and Chen, 1976; Zienkiewicz et al., 1975 and 1978).  Griffiths (1982) 
evaluated the ability of the FEM to calculate the three bearing capacity factors in 
Equation (5.2a).  He concluded that the FEM could be used to predict the bearing 
capacity of a surface footing, and in particular, the FEM results showed good 
agreement with closed form solutions for cN  and qN .  
In the present FEM study, the 15-node cubic strain triangular elements are 
chosen in the mesh used to predict the bearing capacity factors since Borst & Vermeer 
(1984) and Sloan (1982) have shown that such 15 noded triangular elements are 
suitable for predicting collapse load accurately.  Furthermore, the displacement 
control method is chosen to predict the collapse load as the improved soil berm 
behaves more like a rigid foundation rather than a flexible foundation.  The 
commercial software Plaxis7.2 Professional (Brinkgreve and Vermeer, 1998) was 
used to calculate the collapse load F (kN/m) using the elastic-perfectly plastic Mohr-
Coulomb model.  This software is able to provide the displacement-load curve, and 
furthermore, the calculated load can be obtained directly during the calculation 
process.  In the case of a weightless soil, the bearing capacity factor could be 
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5.4.1  Verification problem 
A traditional plane strain bearing capacity problem for a strip foundation with 
different embedment depths D was evaluated using the FEM to verify its ability to 
predict the bearing capacity factor cN  in an undrained condition.  Figure 5.11 
presents two meshes, one for a surface footing and another for a footing with 4
B
D
= .  
The meshes around the footing were more refined to ensure more accurate results.  
The width of the footing, B, was assumed to be 2 m.  Because of symmetry, only half 
of the footing was analysed.  The soil was assumed to be weightless with an 
undrained shear strength uc of 20 kN/m
2.  The bearing capacity was mobilised by 
applying a prescribed vertical displacement at all the nodes within the footing.  Values 
of cN  obtained from FEM were compared with those from Skempton (1951) and 
shown in Figure 5.12.  This shows close agreement though the value of cN  for large 
m from the FEM is a little higher (7.9) than the value of 7.5 from Skempton’s result 
(1951).  However, Meyerhof (1951) provided a solution for the bearing capacity of a 
fine grained material under undrained conditions and the maximum value of cN  is 
8.28 for a smooth deep strip foundation. Compared with the solutions by Skempton 
and Meyerhof, the present FEM result gives an intermediate solution for large m.  
What is important here is that the above analysis demonstrates that FEM is suitable 
for analysing the bearing capacity problem.  
 
5.4.2  Computation of cN  of an embeded improved soil berm  
In order to compute the end-bearing capacity factor cN  in Equation (5.2b) of 
an improved soil berm, it is necessary to assume that the soil is weightless.  
Otherwise, the contribution of the soil’s weight to the total end bearing capacity needs 
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to be separated first.  However as the effect of the weight of soil and undrained shear 
strength were present simultaneously in the FEM, it is difficult to distinguish them. 
This isolation means that the undrained shear strength will govern the end-bearing 
capacity.  In this case, cN  could be calculated directly using Equation (5.23) once the 
other parameters are established.   
The undrained shear strength in this analysis was assumed to be 20 kN/m2.  
The thickness of the berm, D, was 2 m.  The embedment depth of the berm, C, is 
varied for the parametric study.  The length of the berm, L, is 10 m, which is long 
enough to avoid the influence from the end of the berm that is in contact with the 
retaining wall.  In fact, the length of the berm needs to exceed the passive influence 
zone to behave effectively (Thanadol, 2003).  Figure 5.13 shows two meshes for the 
cases of 0==
D
Cm  and 4==
D
Cm .  To simplify the analysis, the retaining wall was 
treated as a boundary on roller, with vertical movement only and no horizontal 
movement was allowed.  Finally, the berm is assumed to behave like a rigid body, and 
was replaced by a set of equivalent boundary conditions. At the top and bottom 
surface of the berm, only horizontal movement was allowed and vertical movement 
was not allowed.  This treatment allows the isolation of the end-bearing capacity from 
the interfacial shear resistance that would otherwise be mobilised by the improved soil 
berm.  
The computed cN  is presented in Figure 5.14, which shows that cN  starts 
from 2.037 for m=0 and reaches a maximum of 8 for 8³m .  For m = 0, the calculated 
cN  is close to Rankine’s earth pressure theory.  At the other extreme, the calculated 
maximum cN  is nearly the same value as that of a vertical strip footing.  This finding 
is reasonable since for high m values, the failure mode of the end bearing of an 
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improved soil berm becomes a local shear failure just like the failure mode of a 
vertical deep foundation.  This observation is also consistent with Meyerhof (1973) 
who has shown that the breakout coefficients of vertical anchors at great depths in 
clay were the same as the bearing capacity factors of deep foundations. 
 
5.4.3  Computation of qN  of an embedded improved soil berm  
The second part of the end-bearing capacity comes from the soil weight.  To 
evaluate the contribution of self-weight alone, it is assumed that the soil has a unit 
weight of 15 kN/m3 but the soil is without undrained shear strength.  However, using 
0=uc  would have caused the analysis to be unstable.  Instead, a nominal undrained 
shear strength of 0.2 kPa was used in the FEM analysis.  The value of qN  
corresponding to the particular m (=
D










                          (5.24) 
where q is the average surcharge due to the weight of soil acting on the berm tip.  For 
the undrained case, the theoretical solution shows that qN  should be equal to 1.  The 
previously proposed upper bound solution has also shown that 1=qN  for the 
undrained condition.  
Figure 5.15 shows the variation of the value of qN  with the value of m.  As 
can be seen, the calculated qN  value is slightly larger than 1, but decreases with 
increasing m.  This slight deviation from 1 is probably due to the use of a nominal 
shear strength for the sake of numerical stability.  However, with increase in the value 
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of m, the contribution of a small undrained shear strength to end-bearing capacity 
becomes negligible and qN  approaches 1.  
 
5.4.4  Independence of cN  and qN   
The independence of cN  and qN  was examined using the following approach. 
Firstly, the collapse load F of an improved soil berm was computed when both 
undrained shear strength and soil weight are included in the FE analysis.  Secondly, it 
is reasonable from earlier sections to assume qN =1. Then, cN  can be calculated from 
















                              (5.25) 
Finally, the calculated cN  obtained here is compared with the cN obtained in the 
previous section where the soil is weightless.  If these two are quite close, it can be 
safely concluded that the terms cN  and qN  are independent.  Otherwise, cN  and qN  
are dependent. 
The comparison is shown in Figure 5.14 and shows that cN  values calculated 
using the two different ways are virtually identical. Therefore, it can be concluded 
that the terms cN  and qN  are independent and the contributions from the undrained 
shear strength and soil’s weight to total end bearing capacity are independent.  This 
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5.5  Modified upper bound solution  
5.5.1  Process and results of modification  
Figure 5.16 shows that the value of cN  from the proposed upper bound 
solution is larger than the corresponding cN  from the FEM analysis, while the FEM 
solution lies between the upper bound and lower bound solutions proposed by Davis 
et al. (1980).  The main reason the upper bound solution of cN  is higher than that of 
the FE solution is likely to be due to the assumption of full mobilisation of the 
undrained shear strength on the slip planes for the upper bound analysis. For a deep 
foundation, the failure mode will be a local shear failure rather than a general shear 
failure and thus full mobilisation is unlikely.    
To obtain a more accurate upper bound solution and provide an empirical 
solution to evaluate the value of cN , the upper bound solution proposed earlier would 
be modified.  This modification was implemented through the introduction of a 
mobilisation factor l  to modify the undrained shear strength on the two parallel slip 
planes of the improved soil berm.  This concept is similar to the “equivalent free 
surface” used by Meyerhof (1951) to derive the bearing capacity of strip foundations.  
The value of l  is expected to vary with m.  The relationship of l and m will be 
determined in this section, after which, cN  obtained from the modified upper bound 
analysis will be compared with that from the FEM analysis.  
Earlier, Equation (5.5) was established to be the solution for the proposed 
upper bound analysis, assuming full mobilisation of shear strength along the entire 
slip plane.  However, if a mobilisation factor l  is introduced, the external work E 
remains unchanged but the internal work W becomes:  
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11 +-+=                (5.28) 
Obviously, cN  from the modified solution is equal to that in Equation (5.13) if 
1=l . There are three unknown variables in this equation, namely cN , l  and m.  To 
determine the relationship between l  and m, the true cN  needs to be established.  In 
the present study, cN  from the FEM analysis was used to back-analyze the 
relationship between l  and m, which is shown in Figure 5.17.  This figure shows that 
the relationship between l  and m can be divided into three zones.  The first zone is 
1£m , where the value of l  decreases rapidly.   The second region is 21 ££ m  and 
where the value of l  decreases very slightly.  The third region lies in 92 ££ m , 
where the value of l  decreases almost linearly with increasing m.  The division of 
relationship between l and m into three zones can be understood from the point view 
of failure modes.  When 1£m , the failure mode is dominated by a general shear 
failure, which means that failure planes will extend up to the ground surfaces as can 
be seen from the displacement contours in Figure 5.18.  The failure mode observed is 
close to that used in the upper bound analysis.  This also explains the fact that cN  
from the upper bound solution in this zone is close to that from the FEM analysis as 
shown in Figure 5.16.  In the zone of 92 ££ m , the failure mode is dominated by 
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local shear failure, which means that the failure planes will not extend up to the 
ground surface. This can also be observed in Figure 5.18, which shows an increase of 
contour lines around the berm and a decrease of contour lines extending to the surface 
when m increases.  This also accounts for the observation that cN  from the upper 
bound solution increasingly deviates from the FEM analysis as shown in Figure 5.16.  
The zone of 21 ££ m  is the transition from a general shear failure to a local shear 
failure.  Here, cN  from the upper bound solution begins to deviate from the FEM 
analysis.  
To back analyse the value of l  to be used in the modified upper bound 
analysis, the nearly linear relationship between l  and m in the zone of 92 ££ m  was 
approximated by a linear relation and then extrapolated to the range of 225.0 £< m . 
This extrapolation will not affect the calculated cN values significantly, as discussed 
later.  In the region of 25.00 ££ m , the value of l  is set to 1. The fitted relation is 
also presented in Figure 5.17. With this fitted relation, the complete description of the 
modified upper bound solution is given by Equation (5.20) with the value of cN  as 
follows:  





111 +-+== ,   for 84
1
£< m ;  
    mNN cc 422 +== ,                           for 4
10 ££ m .           (5.29) 
with 8101.00468.0 +-= ml ,  for 8
4
1
£< m .             (5.30) 
In the above equation, l  is the mobilisation factor that is dependent on the 
embedment ratio m.  
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It is important to note that the maximum cN  value is reached at m=8 and is 
then a constant thereafter as shown earlier.  This value of m can be called the critical 
embedment ratio mcr.  Therefore, if the real value of m is bigger than 8, a value of 8 
should be used in Equations (5.29) and (5.30) to compute cN .  cN  calculated using 
this modified upper bound solution is also presented in Figure 5.19 and being back 
analyzed, agreed well with that of the FEM analysis. This figure implies that a berm 
with larger embedment ratio provides larger end bearing capacity if uc  is constant. It 
should be noted that the displacement required to fully mobilise the end bearing 
capacity for a berm with different embedment ratios is different as shown in Figure 
5.20. It is evident that when the embedment ratio is larger, the displacement required 
is also larger.  
 
5.5.2  Implications of the modified upper bound solution   
The meaning of the modified upper bound solution of Equations (5.20), 
(5.29) and (5.30) lies in not only providing a semi-analytical solution in determining 
the end bearing capacity but also offering an insight into the mechanism of the 
changing end bearing capacity during the excavation process. On the one hand, for the 
improved soil berm in an excavation, the embedment ratio m decreases with the 
progress of excavation and the value of cN  will decrease according to Equations 
(5.29) and (5.30) when m is less than 8. At the same time, the overburden )
2
1( +mDg  
also decreases. Thus both contributors to the end bearing capacity on the right side of 
Equation (5.20) decrease with the progress of excavation. On the other hand, with 
increasing excavation, the wall movement increases which means a greater 
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mobilisation of end bearing capacity and consequently this means a lower factor of 
safety for the end bearing capacity.  
Furthermore, Equations (5.20), (5.29) and (5.30) show that the presence of an 
improved soil berm will supply an additional pressure relative to the passive pressure 
to control the wall displacement, provided that the length of the berm is long enough 
to ensure that the end bearing failure zone lies outside the general passive zone of the 
excavation (Thanadol, 2003). The additional pressure is the difference between bq and 
pp which is the passive pressure (= )2
1(2 ++
D
CDcu g ) for the improved soil berm.  
This additional pressure is given by:   
uc cNp )2( -=D                   (5.31) 
Obviously, this additional pressure would also decrease as the embedment ratio m 
drops and finally equals to zero where in fact it is the passive state.   
It should also be noted that the end bearing capacity provided in Equation 
(5.20) together with the modified upper bound solution is the total maximum stress 
between the soil and the berm, which includes initial contact stress due to soil weight 
before the berm is loaded. For the case of an improved soil berm, the initial contact 
stress is the total horizontal stress at rest. Therefore, to obtain the net end bearing 
capacity bnetq of the improved soil berm, the initial horizontal stress should be 
subtracted from Equation (5.20) as following:  
)1)(
2
1( 0KmDcNq ucbnet -++= g               (5.32) 
where 0K  is the coefficient of total earth pressure at rest.  
To provide a feel for the modified upper bound solution developed, the results 
of a centrifuge test will be presented. In this test, the embedment depth C before any 
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excavation is 10m (all dimensions are given in prototype scale) and the thickness of 
the improved berm D is 2m. A total stress transducer was placed at the far end of the 
berm away from the wall and right in the centre of the berm to measure the total 
horizontal stress. Other details of the centrifuge test could be found in Chapter 3.   
The variation of calculated end bearing capacity from the modified upper 
bound analysis and the measured end bearing with excavation depth for the test are 
shown in Figure 5.21. Two trends are discernable.  As expected, with increasing 
excavation depth, the calculated end bearing capacity decreases with excavation depth, 
a direct result of the reduction in embedment depth C.  On the other hand, the actual 
horizontal stress from the measurement is virtually constant, and in fact increases 
slightly with depth.  This is not obvious but logical.  With increasing depth of 
excavation, the total vertical stress is being reduced and if the wall and berm are not 
allowed to move, the total horizontal stress is also being reduced correspondingly to 
comply with the 0K  condition. However, the wall and berm in fact needs to move due 
to lateral unloading effect which leads to mobilisation of the end bearing through 
increasing the total contact stress between berm and soil. It is precisely this combined 
effect of two opposing trends that causes the nearly constant measured total horizontal 
stress. If the initial stress at the 0K  condition at each excavation step is separated 
from the total calculated end bearing capacity and measured total end bearing as the 
way presented in Table 5.2, the net end bearing capacity and net/mobilised end 
bearing could be obtained as shown in Figure 5.22. It is clear that the mobilised end 
bearing keeps increasing while the net end bearing capacity continues decreasing 
during the excavation process. Furthermore, it can also be seen that from Figure 5.21 
that the measured lateral stress begins to be larger than the passive pressure after 4.5m 
excavation.  
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5.6  Undrained shear resistance of an embedded improved soil berm  
The second part of the bearing capacity of the improved soil berm is 
contributed from the shear resistance from the top and bottom surfaces of the 
improved soil berm as expressed in Equation (5.1). The calculation of the shear 
resistance of the improved soil berm could be the same method for pile foundations. 
This method to determined the unit mobilised interfacial shear resistance f is 
introduced as follow (Tomlinson, 1981):  
uacf =                    (5.33) 
where a is the empirical shear strength factor.  
Das (1984) provided the approximate variation of the value of a as shown in 
Figure 5.23. It is noted that for normally consolidated clays with £uc  about 50 kPa, 
the value of a is equal to one.  
 
5.7  Summary  
An embedded improved soil berm in an excavation behaves like a horizontal 
pile and mobilises its end bearing and shaft shear resistance to restrain the wall from 
moving inwards to the excavated side. The undrained bearing capacity of a berm is 
the sum of the undrained end bearing capacity and undrained shear resistance. The 
undrained shear resistance could be obtained from theory of pile foundations. 
However, the end bearing capacity of an improved soil berm is different from that of 
the normal pile foundation for the following two reasons. Firstly, the end bearing 
capacity of a berm is the maximum lateral pressure between berm and soil while it is 
the maximum vertical pressure for a vertical pile. Secondly, the undrained end bearing 
capacity would change with excavation process while it is almost constant for a 
vertical pile. Therefore, the main objective of this chapter is to determine the 
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undrained end bearing capacity of an improved soil berm in an excavation. The 
finding in this chapter will provide the rationale for the centrifuge tests and numerical 
parametrical studies presented in the next two chapters.  
An upper bound failure mechanism for the improved soil berm was firstly 
proposed based on the observations from centrifuge tests conducted. The solution of 
the proposed upper bound mechanism was derived and was shown to agree well with 
that proposed by Davis et al. (1980) for a plane strain tunnel. However, this proposed 
upper bound solution overestimates the actual end bearing capacity mainly because of 
the assumption of full mobilisation of shear strength along slip plane when the 
embedment ratio is significant. Using the FEM results as a guide, a modification to 
the shear strength mobilised was made to the upper bound solution which combines 
the results of the proposed upper bound solution and FEM analysis was then 
developed to improve the estimation of the undrained end bearing capacity of an 
improved soil berm during excavation.  
The results in this chapter show that the undrained end bearing capacity of 




CDcNq ucb g ) comprises two parts. One is due to the undrained 
shear strength uc . The other part comes from the soil weight. It was shown that during 
excavation process, as both parts decrease, the undrained end bearing capacity is not 
constant but also decreases. Furthermore, from the results of the end bearing capacity 
factor cN , it was shown that the existence of an improved soil berm will provide an 
additional pressure relative to the passive pressure to control the wall displacement.  
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Table 5.2 Methods for calculating end bearing capacity and horizontal stress for an 
improved soil berm 
 
Method End bearing from upper bound Measured horizontal stress 
Total  )2
1( ++= mDcNq ucb g  
mq   
Net )1)(
2
1( 0kmDcNq ucbnet -++= g  )2



















Figure 5.1 Bearing capacity components of an improved soil berm in an excavation 
 



















Figure 5.3 Total displacement vectors for 2-cm thick berm at 40 mm excavation depth 
(model scale) 
 
Figure 5.4 Total displacement vectors for 3-cm thick berm at 40 mm excavation depth 
(model scale) 




























































































































Figure 5.8 Two angle variables for the upper bound failure mechanism 








































Figure 5.10 A collapse-in upper bound failure mechanism for a plane strain tunnel 
(after Davis et al., 1980) 
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Figure 5.12 Bearing capacity factors for vertical footing 
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Figure 5.14 End bearing capacity factor Nc for improved soil berms from FEM 
analysis 




















































Figure 5.15 Bearing capacity factor Nq for improved soil berms from FEM analysis 

















Figure 5.17 Relationship between l and m for the modified upper bound 
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Figure 5.18 Displacement contours at different values of m 
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Figure 5.19 End bearing capacity factors Nc for improved soil berms from FEM 
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Figure 5.20 Load displacement curve from FE analysis for different embedment ratios 
 




























Figure 5.21 Total end bearing capacity, measured horizontal stress and passive stress 
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Figure 5.22 Net end bearing capacity and mobilised end bearing with excavation 
depth 
 






Figure 5.23 Variation of a with undrained shear strength of clay (after Das. B.M; 
1984) 
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          Chapter 6                                               
Behaviour of an Excavation Stabilised with Embedded Improved Soil 
Berm – Centrifuge Modelling 
 
6.1 Introduction   
The stabilisation scheme on the passive side of a retaining wall could be 
either in the form of an embedded improved soil raft or an embedded improved soil 
berm or others. Goh (2004) studied the behaviour of an excavation stabilised with an 
embedded improved soil raft using both centrifuge tests and numerical analysis. His 
study showed that an improved soil raft behaved like a strut below the excavation 
level and its effectiveness is very much dependent on its stiffness. The results also 
showed that a stiffer improved soil raft provided a higher resistance to the retaining 
wall, but it also induced a much higher bending moment in the wall. He also studied 
the effect of a gap of untreated soil in between the improved soil raft and the retaining 
wall. It was shown that the presence of a small gap of untreated soil affected the 
overall excavation performance significantly.  
Thanadol (2003) conducted a number of complicated centrifuge experiments 
and numerical analyses to study how the length and the stiffness of an embedded 
improved soil berm would influence the excavation behaviour and disclosed some 
useful findings. His study showed that the embedded improved soil berm behaved like 
a friction pile. Both the end bearing and interfacial shear resistance played an 
important role in reducing the wall movement and surface settlement. He also showed 
that increasing the length of the improved soil berm was an effective way in 
controlling wall movement whereas the effectiveness of increasing the stiffness of the 
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improved soil berm is marginal once the stiffness is greater than a threshold value.  
The results from Goh (2004) and Thanadaol (2003) showed that both an 
improved soil strut and an improved soil berm are effective in controlling wall 
movement in an excavation compared to an excavation without soil improvement. 
Their studies demonstrated that behaviour of an excavation stabilised with an 
embedded improved soil berm is much more complicated and more research effort 
should be made to investigate the configuration of soil berms.  
To understand better how a berm stabilises an excavation in reducing wall 
and soil movements, and to arrive at a more optimal design for the embedded 
improved soil berm, important parameters concerning geometries and properties of 
the berm that have significant impacts on the behaviour need to be examined in detail. 
Parameters considered are length L , stiffness E , thickness D ,  embedment depth 
C  and orientation d  of the berm on the passive side of an excavation.  
If the components of the ultimate load capacity of an improved soil berm are 
examined, it would be clear why the parameters listed above are important. As 
highlighted in Chapter 5, the ultimate load capacity is the sum of two components, 
namely the end bearing resistance and interfacial shear resistance. According to 
Equations (5.1) and (5.20), soil strength uc , bearing capacity factor cN , thickness of 
berm D  and length of berm L are the direct factors affecting the two components. 
Soil strength uc  and bearing capacity factor cN  are related to the embedment depth 
C of the berm.  
The stiffness and length of the berm had been investigated by Thanadol 
(2003), In view of limited experimental and field data, three other factors were 
evaluated in the present centrifuge experimental study. These include the location of 
the berm (the location of the berm below the initial ground level or embedment depth), 
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the thickness of the berm and the orientation of the berm. A summary of these model 
tests is presented in Table 6.1. These centrifuge experiments aim to provide detailed 
soil and berm displacement patterns and also investigate some of the important factors 
affecting the effectiveness of an embedded improved soil berm, leading to a better 
understanding of a deep excavation stabilised with an embedded improved soil berm.   
 
6.2 General behaviour of an excavation stabilised by an embedded improved soil  
Three sets of experimental results will be presented in this section. Unless 
otherwise stated, all the test results are presented at prototype scale hereinafter. The 
first excavation test, referred to as Test WTreat, was an excavation test without any 
soil improvement. The second excavation test, named Test Berm-D2m was conducted 
with soil being stabilised with an embedded improved soil berm which was 10 m long 
and 2 m thick with one end in contact with the retaining wall and the other end resting 
in the soil, and its top initially located at 8 m deep from the original ground level and 
below the final excavation level. The third excavation test, called FTreat was an 
excavation where an entire layer of soil on the passive side was treated as a raft and 
expected to behave like an improved soil strut. The layer was also 2 m thick and 
initially located at 8 m below the ground level. The term ‘embedded’ is used here to 
emphasize the fact that the improved soil berm/raft is below the final excavation base 
and the improvement is conducted before excavation.  
Images taken at the end of 2 m and 4 m of excavation under 100g condition 
for the three experiments are presented in Figure 6.1. In Test WTreat, it was observed 
that the wall had rotated slightly about the toe of the wall after 2 m of excavation. The 
movement became more remarkable when the excavation depth reached a depth of 4 
m. In contrast, in Test FTreat, very little movement could be observed even after 4m 
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excavation. In general, these images presented show that the excavation without any 
improvement (Test WTreat) had the largest soil and wall movements among the three 
tests. The presence of an embedded improved soil berm, as in Test Berm-D2m, results 
in smaller soil and wall movement compared to Test WTreat though the wall also 
rotated slightly about the toe of wall after 4 m of excavation. More detailed 
comparisons for the three sets of experiments will be discussed later.  
It can also be seen in Figure 6.1 that the front surface of the subsoil and the 
improved soil layer were marked. As described in Chapter 3, a lot of small black 
beads were put on the soil surface randomly while the small dots on the berm were 
marked with fine painter markers to facilitate the use of the PIV technique to measure 
displacements accurately as presented in Chapter 4. Soil and berm displacements 
during excavation are important parameters facilitating the study of the mechanisms 
involved in an excavation stabilised with an embedded improved soil layer. Thanadol 
(2003) showed some image processing results of the excavation; however, due to the 
limitation of the image processing method then, there was no detailed accurate 
information on the soil displacement pattern of an excavation with improved soil 
berm and especially on the berm displacement pattern.  
 
6.2.1 Displacement pattern of subsoil for excavation without improved soil berm  
The model test without an improved soil berm, Test WTreat, was presented 
as the base model for subsequent comparison. The soil displacement pattern of this 
test was examined using the PIV technique. The excavation depth for this test was 
stopped at 4 m, as by then the excavation had practically failed.  
Figures 6.2(a) and 6.3(a) present the displacement vectors on both sides of 
the wall at excavation depths of 2 m and 4 m. Large soil movements are concentrated 
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in a triangular zone near the excavation surface and next to the retaining wall on both 
active and passive sides, as can be seen clearly from the vectors shown in Figures 
6.2(a) and 6.3(a). The maximum soil displacement determined by the PIV technique 
was 0.242 m and 1.654 m for excavation depths of 2 m and 4 m on the active side as 
shown in Figures 6.2(a) and 6.3(a). These two values demonstrate that large 
movements had developed when the excavation depth proceeded from 2 m to 4 m.  
With the PIV technique, the measurements were accurate enough to provide 
an opportunity to study the horizontal soil displacements as shown in Figures 6.2(c) 
and 6.3(c), and also the vertical (base heave) displacements in Figures 6.2(d), and 
6.3(d). The smooth horizontal displacement contours from the active side to the 
passive side of the wall point to the fact that the PIV technique is able to provide 
highly consistent results. The maximum horizontal displacement at a certain elevation 
occurred next to the retaining wall on both sides. On the other hand, vertical soil 
displacements reveal opposite sign of values of contour lines for the active and 
passive sides of the wall in Figures 6.2(d) and 6.3(d) for 2 m and 4 m excavation, 
respectively. On the active side, the ground moves downward whereas the ground on 
the passive side moves upwards. The maximum heave happens some distance in front 
of the wall unlike the case on the active side where the maximum occurs immediately 
next to the retaining wall.  
These findings are consistent with traditional understanding of behaviour of 
cantilever-type excavations (O’Rourke, 1981). For a cantilever excavation, the 
retaining wall rotates about a point below the excavation level near the wall base. 
Rotation of the wall would push the soil mass on the passive side to move mainly 
horizontally and at the same time bulge vertically. As for the base heave, there are two 
main sources. The first one comes from the unloading during the excavation. When 
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the soil on the passive side is excavated, the overburden stress is reduced and the soil 
tends to heave. In this case, the amount of heave in the centre of the excavation is 
larger than that in the area near the retaining wall due to the fact that the wall would 
exert some friction. The second source results from the movement of the retaining 
wall into the passive side. In this case, the maximum heave obviously occurs near the 
retaining wall where large horizontal movement of soil happens. For this 
cantilever-type model test without improvement, base heave is mainly dominated by 
the wall push in the area near the retaining wall. In the area near the excavator, the 
heave from the vertical unloading is more pronounced. The soil displacement pattern 
on the passive side is consistent with the understanding that retaining wall is 
supported by the passive resistance of soil.  
 
6.2.2 Displacement pattern of subsoil for excavation with improved soil berm 
To examine the displacement pattern for an excavation with embedded 
improved soil berm, Test Berm-D2m with a 2 m thick improved berm was conducted. 
The berm was located vertically from –8 m to –10 m below the ground level, 
extending horizontally from the retaining wall to 10 m away from the wall as 
previously shown in Figure 3.6. Soil and berm displacements were calculated by the 
PIV technique and the results at 3 m and 5 m excavation depths are presented.  
Figures 6.4(a) and 6.5(a) show the displacement vectors at the 3m and 5m 
excavation depths respectively. Contours of total displacement are presented in 
Figures 6.4(b) and 6.5(b). It can be seen that the displacement pattern on the active 
side for Test Berm-D2m was almost the same with that in Test WTreat but with 
significantly smaller magnitude. On the passive side, larger displacements were 
concentrated near the berm area and the soil just above the berm; this is obviously 
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quite different from those observed in Test WTreat. The provision of an embedded 
improved soil berm has altered the deformation pattern of the soil on the passive side, 
as a result of its interaction with the surrounding ground.  
The berm moved rigidly like a horizontal pile, which is evidently illustrated 
in Figures 6.6 and 6.7, which show the horizontal and vertical displacements 
respectively on the passive side at different elevations when the excavation depth 
reached 5 m. The elevation of the berm is between -8 m and -10 m, and thus the 
displacements at the three elevations of -8.08 m, -8.89 m and -9.70 m would reflect 
that of the berm. Figure 6.6 shows that the horizontal displacements of the berm at 
these three elevations were slightly different, with the smallest value at an elevation of 
-8.08 m, and the largest at -9.70 m. This is different from conventional understanding 
of the deformation shape of a cantilever wall during excavation where the higher the 
elevation, the larger is the expected displacement as the retaining wall rotates about a 
point near the bottom. That this slight difference of the horizontal displacement was 
successfully picked up is a strong indicator of the effectiveness of the PIV technique. 
The cause of this difference was due to the rotation of the berm as shown in Figure 
6.7 which reveals that the berm rotated rigidly upward. This pattern of heave is 
consistent with the inferred deformation shape shown in Figure 2.16(b) for the 
improved zone proposed by O’Rourke et al. (1998), after examining field 
observations of a project in Boston. The overall displacement pattern of the berm 
suggests that the improved soil essentially moved as a rigid body.  
Contours of horizontal displacements are presented in Figures 6.4(c) and 
6.5(c) for excavations depths of 3 m and 5 m respectively. The contour lines of 
horizontal displacements on the passive side in the two figures show that the 
displacements below the berm were smaller than those of the berm and most of the 
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horizontal contours lines were concentrated in the soil before the tip and below the 
lower surface of the berm especially near the left lower surface of the berm. This 
implies that the slip would first occur at the left bottom interface and then extended to 
the right along the bottom of the berm with increasing excavation depth. The relative 
displacements at the lower surface indicate that the berm has mobilised interfacial 
shear resistance to resist the wall movement. However, the horizontal displacement 
pattern just above the berm could be divided into two regions. The first region is 
where the horizontal displacement in the soil is larger than that of the berm. Within 
this region, the mobilised interfacial shear resistance actually worsened the situation. 
In the second region, the horizontal displacements for soil were smaller than those of 
the berm, which would result in mobilising a beneficial resistance to resist the wall 
movement. These two regions could be more clearly identified in Figure 6.6 by 
comparing the displacements at the elevations of -7.27 m and -8.08 m, which 
evidently showed that the transition happened at about 6 m away from the retaining 
wall. Clearly, in the design of a berm, the berm should surpass the first region so that 
the berm could work more effectively to resist the wall movement. This further 
confirms the results shown by Thanadol (2003) on the effect of length of improved 
soil berm from FEM analysis with similar configurations. His results demonstrated 
that the length of the berm should be longer than the passive wedge, for a berm to be 
effective.   
 From the contour lines shown in Figures 6.4(d) and 6.5(d), the maximum 
vertical movement occurs in the soil above and in front of the far end of the berm 
from the retaining wall. This finding is reasonable. As stated above, when the soil on 
the passive side is excavated, the berm moves horizontally and rotates upwards at the 
same time. Such a movement pattern of the berm would cause the untreated soil in 
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front of and above the berm to move. The end bearing of the berm is also developed 
with the movement of the berm.  
In order to examine how the behaviour of the improved soil berm and 
untreated soil in front of the berm changes with excavation depth, the displacements 
at the elevation of –8.89m (approximately at mid-elevation of the berm) were 
extracted from the PIV analysis results at different excavation stages. Figure 6.8(a) 
shows that the horizontal displacement of the berm increases with excavation depth. 
As for heave, Figure 6.8(b) clearly shows that the berm rotates progressively with 
increasing excavation depth. Besides this rotation, the berm also heaves as can be 
seen from the movement upwards at the end of the berm next to the retaining wall. 
This is caused by the soil heaving below the berm. For the untreated soil in front of 
the berm, the horizontal displacement decreases from the tip of the berm to the edge 
(simulated mid-line) while the maximum heave occurs at some distance before the 
berm and then decreases from the maximum to a certain value at the edge.  
The displacement behaviour of the improved soil berm could be further 
examined from the incremental horizontal and vertical displacements at the same 
elevation -8.89 m, as shown in Figure 6.9. Incremental movement here means the 
movement induced in each individual excavation step. Each excavation step 
represents the removal of a 0.5-m thick soil layer. For example, the incremental 
movement at the excavation depth of 5 m means the movement induced only during 
the process of excavating from depth 4.5 m to 5.0 m. Figure 6.9 shows that 
incremental horizontal, vertical and rotational movement of the berm all increases 
with excavation depth. This observation is caused by a combination of reduction in 
the overall composite stiffness on the passive side and an increase in imbalanced load.  
From these results, a clear picture of the displacement pattern of an 
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excavation with an embedded improved soil berm emerges. The displacement pattern 
on the active side is similar to an excavation without soil improvement. On the 
passive side, the berm moved horizontally and vertically and rotated upwards at the 
same time like a rigid body. The displacement pattern of the soil around the berm was 
strongly influenced by the movement of the berm. Large differential displacements 
concentrated in the soil around the tip of the berm especially near the bottom end of 
the berm embedded in soil. The slip failure would first occur at the left lower interface 
and then extend to the right side along the bottom of the berm with increasing 
excavation depth. The interfacial shear strength was then mobilised. At the same time, 
the untreated soil in front of the berm was compressed by the berm and end bearing 
resistance was also developed.  
 
6.2.3 Comparison of lateral wall movement and surface settlement 
The cumulative lateral wall movement during an excavation is a good 
indicator to evaluate the behaviour of excavations with or without soil improvement. 
The lateral wall movements calculated at the original ground level during the entire 
excavation process in all three tests are shown in Figure 6.10. For Test WTreat 
without soil improvement, the excavation was terminated at 4 m due to large wall 
displacement. For the other two tests, in which the excavation was stabilised with soil 
improvement, the excavations were completed at a depth of 6 m.  
From the results shown in Figure 6.10, at any particular stage of the 
excavation, the wall movement for the case without soil improvement was the largest. 
For Test FTreat with a fully treated soil layer, the lateral wall movement was well 
controlled with the smallest value throughout with a maximum value of about 0.2 m 
upon reaching the final excavation depth of 6 m. In comparison with Test WTreat, and 
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FTreat, Test Berm-D2m shows that the provision of an embedded improved soil berm 
is also effective in controlling wall movement, especially during the early stages of 
excavation. Figure 6.10 reveals that during the early stages of excavation, the 
behaviour of the excavation with an embedded improved soil berm are almost the 
same as the Test FTreat.  
To further examine the behaviours of the three tests, surface settlement 
during the process of excavation at a distance of 2 m behind the retaining wall for the 
three tests were also evaluated. The surface settlement is another good indicator to 
assess the effects of soil improvement. Actually, one main objective in stabilising an 
excavation is to reduce the surface settlement behind the wall to ensure the safety of 
surrounding buildings and facilities through controlling the wall movement. Figure 
6.11 shows that the trends of settlement profiles are largely consistent with those 
discussed above for lateral wall movements.  
From the above results, it can be established that the stabilising effect for an 
excavation with improved soil berm is more pronounced at the initial stages. At later 
stages, the wall movement increases rapidly, showing a trend very much like that in 
the untreated excavation test WTreat. This kind of behaviour of an improved soil 
berm shows that it is sensible to treat the ground before any excavation commenced. 
This is somewhat different from the study by Powrie and Chandler (1998). In present 
study, the soil was treated before excavation, whereas in Powrie and Chandler’s study, 
the stabilising platform was constructed after part of the excavation reached the final 
formation level. Furthermore, in their study, the volume of soil body to be replaced by 
the platform was also excavated rather than treated directly as in the present study. 
This means that before installation of the platform, significant displacement would 
have occurred and the overburden on the platform almost decreased to zero and the 
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strength of soil had mobilised to some extent. The mobilisation of the soil strength 
before installation of the platform and the sharp decrease of the overburden on the 
platform would lead to much less end bearing resistance and interfacial shear 
resistance available. Thus, in their case, the end bearing resistance and interfacial 
shear resistance were not the main source in controlling the wall movement. This will 
be further discussed in Chapter 7.  
 
6.2.4 Comparison of normalised surface settlement  
Normalisation of surface settlements on the active side provides another 
indicator of the effectiveness of soil improvement and also makes it possible to 
compare with existing field observations. The normalised surface settlement is the 
measured surface settlement divided by the current excavation depth. The normalised 
surface settlements for the three tests at excavation depths of 2 m, 3 m and 4 m are 
presented in Figure 6.12 with respect to the distance away from the retaining wall.  
For all tests, it can be observed that the maximum normalised surface 
settlement occurred next to the retaining wall and reduced to smaller values further 
away from the wall. This pattern of normalised surface settlement is generally 
consistent with observed field measurements reported in many excavation projects 
(Peck, 1969; Clough et al., 1990). Compared with the observations by Peck (1969) 
shown in Figure 6.13, the profiles of normalised settlement of Tests FTreat and 
Berm-D2m lie within Zone 1 and Zone 2 at 2 m excavation. At 4 m excavation, the 
magnitude of settlement for Test Berm-D2m lies within in Zone 3 and for Test FTreat, 
the magnitude lies within the transition area between Zone 2 and Zone 3. As 
compared with Test WTreat, the improved soil berm in Test Berm-D2m is effective in 
controlling the surface settlement even at 4 m excavation.  
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For the Test FTreat with an improved soil raft below the excavation level but 
without any strut above it, the settlement pattern is similar to those of unbraced 
excavations. It is known that for braced excavations with struts above the excavation 
level, the maximum surface settlement occurs some distance away from the wall as 
shown in Figure 6.14(b). However, for an excavation stabilised by an improved soil 
raft, the retaining wall is constrained by the improved soil raft located below the 
excavation level. The part of retaining wall above the improved soil layer is still in a 
state of cantilever and the maximum wall displacement takes place at the top of the 
wall. Consequently, the maximum surface settlement occurs just adjoining to the 
retaining wall as shown in Figure 6.14(a) for a cantilever-type excavation. Clearly, for 
the same properties (thickness and stiffness) of the improved soil raft in an excavation, 
the higher elevation of the treatment, the smaller are the displacement at the top of 
wall and ground surface settlement. In such a case, the length of cantilever is reduced 
and the wall tends to rotate about a point at the higher level of the improved soil layer 
rather than about a point near the bottom of the retaining wall. This phenomenon is 
quite similar to that of a wall rotating about the lowest strut in an excavation with 
muti-level struts.  
However, for Test Berm-D2m stabilised with an improved soil berm, the 
situation is much more complicated since the behaviour of the excavation now is the 
outcome of interactions among the wall, the berm and the soil. In a traditional 
excavation with struts or supports above the excavation base, there are actually two 
relatively independent interactions; namely the interaction between the strut and the 
wall and the interaction between the wall and the soil. There is no direct interaction 
involved between the strut and the soil. However, for an excavation stabilised with an 
embedded improved soil berm, besides the interactions between the wall and the berm 
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and between the wall and the soil, the interaction between the berm and the soil would 
also play an important role in the behaviour of the excavation. Since one end of the 
berm is resting in untreated soil just like a floating horizontal pile, the end bearing 
capacity and interfacial shear resistance provided by the improved soil berm are 
important factors in controlling the wall movement. In turn, the end bearing capacity 
and interfacial shear resistance of an improved soil berm are directly related to the 
thickness, length, position, stiffness of the berm and surrounding soil properties. At 
the same time, some amount of soil displacement is required to mobilise the 
interfacial shear resistance like the soil-nailing retaining systems and the end bearing 
capacity. As the wall deforms, the strength of soil above and below the berm is also 
being mobilised to resist wall movement. Therefore, for an excavation with an 
embedded improved soil berm, forces resulting from interfacial shear resistance, end 
bearing resistance of the berm and the passive resistance of soil above and below the 
berm are the three main sources of resistance in restraining wall movement.  
Mobilisation of the above three components at certain excavation steps can 
be seen from the incremental horizontal displacement contour on the passive side, as 
shown in Figure 6.15. It is evident that a high displacement gradient exists on the 
lower interface of the berm (Zone 1). The development of contour lines at different 
excavation stages reveals that the berm-soil slip at the lower surface starts near the tip 
of the berm and progresses inwards to the wall. On the other hand, no obvious slip is 
observed for soil before the berm tip (Zone 2) even after 4 m excavation. Therefore, 
interfacial shear resistance along the lower surface would be fully mobilised earlier 
than the end bearing resistance. This observation also implies that end bearing 
resistance continues to exert additional improvement effect after full mobilisation of 
interfacial shear resistance. In Zone 3, it can be seen that the soil above and below the 
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berm mobilises the passive resistance to resist the wall movement.  
The above mentioned mechanism of mobilisation of interfacial shear and end 
bearing resistance is somewhat different from that of a pile foundation. For a floating 
pile, it is well known that pile-soil slip generally starts near the top of the pile and 
extends progressively downwards as the load is increased and the end bearing starts to 
mobilise after the slip extends to the bottom part of the pile as shown Figure 6.16 
(Randolph et al., 1981). The reason for such a difference lies in that in this study, as 
the wall moves, not only does the berm move to mobilise the interfacial shear 
resistance and end bearing resistance, but also the soil above and below the berm 
displaces to mobilise the passive resistance. This is clearly seen from the contour lines 
above and below the berm (Figure 6.15). In the case of an axially loaded pile, only the 
pile displaces to mobilise the shaft resistance and end bearing resistance, with some 
limited movement in the soil adjacent to the pile.  
 
6.2.5 Performance of composite ground resistance on the passive side  
The different wall and ground movements in the three tests discussed above 
could be attributed to the different overall support system stiffness. For the current 
test configurations that do not have a bracing system above the excavation level, the 
overall support system stiffness mainly relies on the wall stiffness, wall embedment 
depth and composite ground stiffness of the passive side. Since the wall stiffness and 
wall embedment depth are the same for all the three tests, the composite ground 
stiffness of the passive side becomes the decisive factor in controlling the wall and 
ground movements. In this section, the behaviour of the composite ground during the 
excavation process is examined by comparing the incremental wall movement of the 
three tests. Incremental movement is a good indicator of the overall support system 
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stiffness and also of the composite ground stiffness, as it is evaluated at the same 
excavation depth, having the same amount of imbalanced loads.  
The incremental wall movement at the original ground level of the three tests 
are presented in Figure 6.17. For Test WTreat, the incremental wall movement kept 
increasing with the depth of excavation. For Test FTreat, it is interesting to observe 
that the incremental wall movement tended to decrease after 3-m excavation depth. 
For Test Berm-D2m, it is observed that at initial stages, the incremental wall 
movement is small and similar to that of Test FTreat. On the other hand, the 
incremental movement at later stages increases rapidly, showing a trend similar to that 
of Test WTreat. This observation about the incremental movements suggests that 
different mechanisms are involved for the three different soil improvement schemes in 
controlling the wall movement.  
For Test WTreat, the wall is supported by the ground on the passive side 
through passive soil pressure and therefore soil stiffness on the passive side dominates 
the wall movement. It is well known that the stress-strain behaviour of soil is highly 
non-linear and the soil stiffness may decay with strain (Simpson, 1992; Mair, 1993; 
Atkinson, 2000) as shown in Figure 6.18, which illustrates how soil stiffness changes 
with strain levels. As the excavation progresses, the combined effect of a decrease in 
soil stiffness and loss of ground led to a continuing increase in the incremental wall 
movement.  
For Test FTreat stabilised with an improved soil raft, the improved soil raft 
plays an important role in controlling the wall movement. The stiffness of the 
improved raft dominates the composite ground stiffness of the passive side as the 
improved soil raft behaves like a strut below the excavation level. The excavation 
process would have little effect on the stiffness of the improved soil raft. 
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Consequently, the composite ground stiffness of the passive side does not change 
much and this can help to explain why the incremental wall movement reduces when 
the excavation proceeds deeper as shown in Figure 6.17. Figure 6.19 compares the 
effect of the removal of a soil layer of thickness HD at different excavation stages on 
the excavation behaviour. In Figure 6.19(a), the effect of removal of soil is equivalent 
to the loss of force F1. If considering the moment equilibrium about point O, the loss 
of force F1 means loss of a moment of M1 = F1´L1 which requires the wall to 
respond to balance it. In Figure 6.19(b), the removal of a layer of soil of the same 
thickness triggers a loss of moment of M2 = F2´L2. Typically, F2 is bigger than F1 as 
it is located deeper. Obviously, at some point, if L2 is small enough, M2 would be 
smaller than M1 and therefore, the wall in Figure 6.19 (b) needs to move less than that 
in Figure 6.19 (a) to balance the lost moment.  
For Test Berm-D2m, the wall is supported by three resistances consisting of 
interfacial shear resistance, end bearing resistance and passive soil resistance as 
explained before. The composite ground stiffness of the passive side consequently 
relies on the berm-soil stiffness and soil stiffness. At initial stages of excavation, all 
three components are mobilised to control the wall movement. Composite stiffness of 
the ground on the passive side depends on both the stiffness of soil and the berm-soil 
stiffness and the berm is very effective in controlling the wall movement. Therefore, 
the incremental displacement at earlier stages was small as shown in Figure 6.17. At 
later stages of excavation, the interfacial shear resistance has been fully mobilised and 
composite ground stiffness of the passive side now relies largely on the soil stiffness. 
Therefore the trend of the wall movement becomes much more like that of an 
untreated excavation. The stiffness of the berm itself is not the most important factor 
in controlling wall movement though there is a minimum threshold value needed for 
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the berm to behave effectively (Thanadol, 2003). The significance of the stiffness of 
the improved soil berm lies in that with sufficient stiffness, the interfacial shear 
resistance and end bearing resistance of the berm could be mobilised as expected.  
Such behaviour of the berm-soil system is quite similar to that of a floating 
pile-soil system. As shown in Figure 6.20, which shows an idealised load settlement 
response (Fleming et al., 1992), it is evident that the stiffness of pile-soil system is 
very high at small settlement. Once the pile shaft resistance has been fully mobilised, 
the stiffness reduces to that of pile base and the displacement starts to increase rapidly.  
The above discussion explains that the different soil improvement 
configurations would lead to different composite stiffness of the passive ground, and 
consequently the wall and ground movement would also be different. The aim to use 
the term “composite stiffness of the passive side” is to emphasize that improving the 
stiffness of the soil on the passive side would increase the overall support system 
stiffness.  
 
6.2.6 Typical profiles of movements at boundaries  
In previous sub-sections, the displacement pattern of subsoil in both passive 
and active sides, lateral wall movement, vertical surface settlement, incremental wall 
movement and normalised surface settlement behind the wall have been discussed. 
Based on these results, it is reasonable now to summarise the profiles of 
displacements at the boundaries of excavations, which are of more concern in practice. 
The typical profiles of movements at the boundaries for the three different types of 
excavation are presented in Figure 6.21. The profile of each case consists of three 
parts, namely surface settlement behind the wall, wall deflection and heave of the 
excavation base.  
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For the first part, the surface settlement behind the wall in the three types of 
excavation tend to follow a triangular pattern since these excavations are dominated 
by the cantilever-type behaviour as explained in the previous section.  
For the second part, the wall deflection in the case of an excavation without 
improvement is mainly due to the rotation of the wall about a point near the bottom of 
the wall. The provision of an improved soil berm can reduce the rotational movement 
of wall significantly especially at initial stages of excavation where the composite 
ground stiffness on the passive side is rather high. However, for the case with an 
improved soil raft, the improved soil raft behaves like a strut below the excavation 
level. The rotational movement is reduced significantly throughout the entire 
excavation. Furthermore, the length of wall in a cantilever state is shortened. Both are 
helpful to reduce the wall movement.  
The third part, i.e. base heave, is quite different for the three types of 
excavation. In an excavation without improvement as described in Section 6.2.1, the 
maximum heave occurs near the retaining wall, as it is due more to the lateral wall 
movement and this heave decreases with the distance away from the wall, as already 
shown in Figures 6.2(d) and 6.3(d). In an excavation with improved soil berm, the 
maximum base heave occurs somewhere in front of the far end of the berm from the 
retaining wall as a result of the rigid movement pattern of the berm, as previously 
shown in Figures 6.4(d) and 6.5(d). The berm moves horizontally and vertically as 
well as rotates upwards during the process of excavation. For an excavation with an 
improved soil raft, the pattern of base heave is similar to that of a braced excavation 
where the maximum base heave takes place in the centre of the excavation due mainly 
to the unloading effect. Tanaka (1993) predicted such a pattern of heave for the 
improved soil raft.  
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6.3 Effect of thickness of improved soil berm  
The thickness of the berm would directly influence the end bearing resistance 
in controlling the wall movement. Obviously, the thicker the berm, the higher is the end 
bearing resistance to restrain the wall movement. To study the effect of thickness of 
improved soil berm, two more experiments were conducted, namely Tests Berm-D1m 
and Berm-D3m. In both tests, the length of the berms was still kept at 10 m as in Test 
Berm-D2m with a 5-m width of untreated clay in front of the berm. The thickness of the 
three berms was 1 m, 2 m and 3 m respectively for Test Berm-D1m, Berm-D2m and 
Berm-D3m. The mid-level of the three berms was kept at the same depth of 9m below 
the ground level.  
The normalised surface settlement profiles at 4 m excavation depth are 
presented in Figure 6.22. The profile of Test WTreat is also included in this figure for 
comparison. The results clearly show the effectiveness in controlling the surface 
settlement on the active side for tests with an improved soil berm. The overall 
observation is consistent with intuition, namely the normalised surface settlement for 
Test Berm-D3m was the smallest, while the largest settlement occurred in Test 
Berm-D1m, which had the thinnest improved soil berm.   
To further check the different improvement effects provided by the varying 
thickness, the horizontal wall movement at the original ground level is presented in 
Figure 6.23. The wall movements were consistently smaller than that of Test WTreat 
even during initial stages of excavation, which means that all the three berms are 
effective in controlling the ground movement. The results also show that the 
difference between the three tests with various thicknesses of berm is small at initial 
excavation stages. However, after 2.5 m excavation depth, the three tests results begin 
to show differences, and the differential wall movement between Test Berm-D3m and 
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Berm-D1m increases. This trend could also be found in the plot of incremental wall 
movement as shown in Figure 6.26.  
Figures 6.24 and 6.25 present the incremental horizontal displacement 
contours at 2 m and 4 m excavation depths, respectively. Development of passive soil 
resistance, end bearing resistance and interfacial shear resistance can be seen from the 
distribution of the contour lines. It is observed that as the thickness of berm increases, 
the contour lines in front of the end of the berm also move deeper. This implies that 
with sufficient displacement, more end bearing resistance can be mobilised.  
From another perspective, this observation demonstrates that at initial stages 
of excavation, where there is little difference in behaviour, the interfacial shear 
resistance must have played a more important role in controlling ground movement. 
At later stages (after 2.5 m of excavation), the interfacial shear resistance was fully 
mobilised and the contribution of end bearing becomes more important and the 
differences become more pronounced. For this series of tests, the length of the berms 
was the same and the berm for each test was installed at the same level. Therefore, the 
interfacial shear resistance can be considered approximately as the same for the three 
tests. However, due to the different thickness of the three berms, the end bearing 
resistances were different. The end bearing resistance for the 3-m thick berm was the 
largest because of the largest tip area in contact with soil, and consequently the 
ground and wall movements were the smallest among the three tests.  
 
6.4 Effect of embedment depth of the improved soil berm 
For the current configurations of centrifuge modelling tests, the embedment 
depth C of an embedded improved soil berm will influence the effectiveness of the 
method in three ways.  
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Firstly, at different embedment depths C, the overburden pressure and soil 
strength are different. Therefore the available maximum interfacial shear resistance 
and end bearing resistance would be different. Furthermore, from the upper bound 
solution derived in Chapter 5, the end bearing capacity of the berm is also different 
since the end bearing factor, cN  is dependent on the embedment depth C. Obviously, 
the deeper the embedment depth, the larger are the available maximum interfacial 
shear resistance and end bearing capacity.  
Secondly, as the berm behaves like a floating pile, both end bearing 
resistance and interfacial shear resistance require berm displacement to be mobilised. 
The berm displacement relies on the wall displacement as a result of the interaction 
between the wall and the berm. The different location of a berm in an excavation 
would result in the berm being subjected to different movements. In an unbraced 
excavation, it is easy to see that the higher the elevation of the berm, the larger 
movement of berm is expected if the lateral wall movement is the same. This point 
can be seen clearly in Figure 6.27 where the displacement 1D  in (a) is larger than 
2D  in (b) when L1 is greater than L2 and if the rotational movement d  is the same.  
Finally, the effectiveness of the improved soil berm is not only dependent on 
the resistance provided by the berm, but also on the moment arm since the wall 
movement for a cantilever-type excavation is dominated by the rotational deformation. 
For the same amount of resistance mobilised from the interaction between the berm 
and the soil, different elevations of the berm will imply different moment arm, thus 
yielding different effects in constraining wall movement. This is a simple mechanics 
problem as shown in Figure 6.27. It is clear that the force F in (a) is more effective in 
resisting the rotation of the wall than that in (b) since the moment arm L1 in (a) is 
larger than L2 in (b).  
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The combination of the three factors complicates the way the embedment 
depth of an improved soil berm contributes to its effectiveness. To study the effect of 
elevation of the improved soil berm, two more centrifuge experiments were carried 
out; namely Tests Berm-C6m and Berm-C10m. In these two tests, the configurations 
are the same as Test Berm-D2m except that a different embedment depth C is used. As 
can be seen from the labels of the tests, the embedment depth is 6 m and 10 m 
respectively for Tests Berm-C6m and Berm-C10m. The Test Berm-D2m in this set 
can be renamed as Berm-C8m since the embedment depth is 8 m. For Test Berm-C6m, 
the excavation was terminated at an excavation depth of 4m.  
Figure 6.28 compares the horizontal wall movements at the original ground 
level. The results show that the embedment depth has an impact on the wall 
movement. The horizontal wall movement for the smallest embedment depth (6 m) is 
also the smallest, suggesting that the moment arm is a factor in controlling the wall 
movement. The incremental wall movement of the three tests shown in Figure 6.29 
reveal that Test Berm-C6m with the largest moment arm has the smallest incremental 
movement during excavation.  
As described in the previous section, the berm moved like a rigid body. 
Therefore, the horizontal movement of the berm was almost the same for the whole 
berm area and it is reasonable to take the value at mid-level of the berm to represent 
the horizontal berm movement. Figure 6.30 presents the horizontal movement at the 
mid-level of the berms for the three tests as obtained from PIV analysis. It clearly 
shows that the horizontal berm movement for a deeper embedment depth is smaller 
though the horizontal wall movement at the original ground was larger. This 
observation clearly demonstrates that though the available resistance of the improved 
soil berm is higher for a berm at a deeper embedment depth, there is insufficient wall 
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movement to mobilise the available resistance and the moment arm is small.  
The above observations have important implications for practical design. The 
improved soil berm could be constructed at an elevation where the movement of berm 
is relatively large and the moment arm is also relatively large. For example, the berm 
could be installed at a higher elevation to reduce the cantilever-type wall deformation 
which has been demonstrated in the above centrifuge results. The berm could also be 
installed at the bottom of the wall for a free-end excavation to reduce the risk of kick 
out of the wall where the wall rotates. Furthermore, the berm could also be favourably 
constructed at the position where the maximum bulging deformation occurs for a 
strutted and fixed-end excavation. The effect of the embedment depth on the free-end 
and fixed-end excavations will be examined numerically in Chapter 7.  
 
6.5 Effect of orientation of improved soil berm  
From the above experimental results, it was observed that the berm moved 
like a rigid body with horizontal and vertical movement as well as rotation. As can be 
seen from Figure 6.9, the berm rotates progressively upwards during excavation, 
which in effect makes the situation of the excavation less safe by increasing wall 
movement and makes the berm itself unstable. The rotational movement of the berm 
is caused by the heave of soil below the berm. On the one hand, the heave of soil 
below the berm tries to push the berm upward. On the other hand, the end of the berm 
in contact with the wall is more or less constrained by the wall and could not move so 
freely as the other end of the berm, which is in contact with the soil. As a result, 
rotational movement occurred. Such type of rotational movement makes the berm 
itself less stable and consequently its effectiveness reduces with the progressive 
rotational movement. Therefore, the rotational movement of the berm should be 
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controlled especially at the later stages of excavation where large rotational movement 
is expected. One potential solution to this problem is to construct a berm with a 
downward slanting angle.  
One additional experiment Test Berm-D3mR was carried out to investigate 
this. The thickness of the berm is 3m, the same as Test Berm-D3m. The berm is 
installed with an angle of about 5° below the horizontal level and the elevation of the 
junction with the wall is the same as in Test Berm-D3m.  
The berm vertical movement at the mid-level of the berm for Tests 
Berm-D3m and Berm-D3mR is first compared and shown in Figure 6.31. The vertical 
movement for each step can be divided into two components. The first component is 
the translational vertical movement and the other is due to rotational movement. The 
results clearly show that the rotational movement of the berm is well controlled in 
Test Berm-D3mR though the overall translational heave of the berm tends to increase 
in compensation for the decreasing rotational movement. This can also be seen from 
Figure 6.33 which presents the total vertical displacement contour on the passive side 
at 4 m excavation depth for the two tests. It is clear that in general the vertical 
movement on the passive side for Test Berm-D3m is larger than that of Test 
Berm-D3mR. Furthermore, for Test Berm-D3m, there are some contour lines passing 
through the berm region which indicates the rotation of berm. The corresponding 
horizontal displacement contours on the passive side at 4 m excavation depth for the 
two tests are presented in Figure 6.34 which also shows that Test Berm-D3m has a 
larger horizontal movement than Berm-D3mR though the horizontal displacement 
patterns are similar.  
To further understand the berm horizontal movement during the excavation 
process, the berm horizontal movement at different excavation stages for the two tests 
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is plotted in Figure 6.32. As can be seen, the berm horizontal movements for Test 
Berm-D3mR are consistently smaller than those of Test Berm-D3m when the 
rotational movement is controlled. Because the end of the berm in contact with the 
wall for the two tests is at the same level, the wall movement and ground movement 
are also expected to be smaller for Test Berm-D3mR, as shown in Figures 6.35 and 
6.36. The results suggest that not only is the rotational movement controlled but also 
the berm horizontal movement, wall and ground movement are reduced if the berm is 
installed in an inclined position.  
The above results clearly demonstrate that the initial inclination of the berm 
can contribute to the control of the rotational movement of the berm and the stability 
of the berm itself is also improved. The observed movement patterns for berms 
without and with inclination are presented in Figures 6.37(b) and 6.38(b), respectively. 
Furthermore, one additional benefit from inclining the berm is that it is possible to 
increase the available resistance provided by the berm in terms of increasing end 
bearing resistance and interfacial resistance though this may not be so obvious. 
According to the modified upper bound solution introduced in Chapter 5, the slant of 
the berm means an increase in embedment depth C at the end of the berm in contact 
with the soil when the position of the other end of berm in contact with the wall 
remains unchanged. Increase of C results in a higher value of m which will 
consequently increase the end bearing capacity according to the Equations (5.20), 
(5.29) and (5.30). The interfacial shear resistance also increases since the average 
embedment depth of the berm is deeper as shown in Figures 6.37(a) and 6.38(a) 
where the average embedment depth of berm H2 in Figure 6.38(a) is larger than H1 in 
Figure 6.37(a). Consequently the average interfacial shear strength is larger as the soil 
strength increases with depth.  
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This observation has an implication for practical design. In practice, the berm 
could be installed in an inclined position so that one end of the berm in contact with 
the wall is located where large wall movement is expected while the other end of the 
berm is located at a deeper depth. Under such a design idea, the rotational movement 
of the berm is well controlled and the wall deformation is also reduced. Furthermore, 
the available resistance provided by the berm is increased.  
 
6.6 Summary of findings  
This chapter examines the behaviour of excavations stabilised with different 
soil improvement configurations using centrifuge experiments. Three important 
parameters concerning the geometry of the improved soil berm are examined. The 
three parameters are the thickness of the berm, the location of the berm and the 
orientation of the berm. By comparing the results of these tests, insights into the 
different mechanisms in mobilising the resistances of the improved soil to restrain the 
retaining wall are obtained. Some of these insights have significant implications on 
the design of an excavation with such soil improvement. The key findings established 
in this chapter are summarised as follows:  
a) The Particle Image Velocimetry (PIV) technique has been successfully 
implemented to measure the movement of the ground and the embedded 
improved soil berm more accurately than the traditional image measuring 
technique. It is found that the existence of an improved soil berm alters the mode 
of deformation of surrounding soil as the result of the interaction between the 
berm and the surrounding ground. The embedded improved soil berm displaces 
like a rigid body and moves horizontally and vertically as well as rotates 
progressively. Passive soil resistance, end bearing resistance and interfacial shear 
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resistance are the three main sources in controlling the wall movement for an 
excavation with an embedded improved soil berm.  
b) The interfacial shear resistance is usually fully mobilised earlier than the end 
bearing capacity during the excavation process. The composite ground stiffness 
on the passive side of the wall relies on the berm-soil shear stiffness and soil 
stiffness. At initial stages of excavation, the composite ground stiffness depends 
on both the stiffness of soil and the berm-soil shear stiffness and the berm is 
effective in controlling the wall movement. At later stages of excavation, the 
interfacial shear resistance has been fully mobilised and composite ground 
stiffness relies largely on the soil stiffness.  
c) The thickness of berm has an inverse effect between the end bearing resistance 
and passive soil resistance. A thicker berm would provide a higher end bearing 
resistance but on the other hand, the passive soil resistance is decreased. The 
decrease in passive soil pressure is offset by the increase in end bearing resistance. 
At later stages of excavation, the end bearing resistance becomes more dominant 
in providing the improvement effect after the interfacial shear resistance is fully 
mobilised.  
d) The embedment depth of the berm has complicated effects on the behaviour of 
the berm in an excavation. It would affect the maximum available end bearing 
resistance and interfacial shear resistance, movement of the berm required to 
mobilise the end bearing resistance and interfacial shear resistance, and the 
moment arm in resisting wall rotation. The experimental results show that the 
improved soil berm could be constructed at an elevation where the movement of 
berm is relatively large and the moment arm is also relatively large.  
e) The results of centrifuge tests show that the berm rotates progressively during 
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excavation. This makes the berm unstable and the effectiveness of the berm in 
controlling wall movement gradually reduces with increasing excavation depth. 
When the berm is constructed inclined downwards such that the berm-wall 
junction is located where large wall movement is expected while the other end of 
the berm is located at a greater depth, the progressive rotational movement of 
berm could be well controlled and consequently, the deformation of the retaining 
wall and ground is also reduced. Furthermore, the available end bearing 
resistance and interfacial shear resistance provided by the berm is also likely to 
increase due to the increase of average embedment depth of the berm.  
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Table 6.1 Summary of configurations of centrifuge model tests 
 
 
Test label Description 
WTreat Without improved soil berm, 4 m of excavation depth; 
Berm-D2m 
(Berm-C8m) 
With a 2 m thick improved berm located at -8m below the ground 
level, 6 m of excavation depth; 
FTreat 
With a 15 m long fully improved layer from the wall to the 
excavator at -8 m below the ground level, 6 m of excavation 
depth; 
Berm-D1m 
With a 1 m thick improved berm located at -8.5 m below the 
ground level, 60 mm of excavation depth; 
Berm-D3m 
With a 3 m thick improved berm located at –7.5 m below the 
ground level, 6 m of excavation depth; 
Berm-C6m 
With a 2 m thick improved berm located at -6 m below the 
ground level, 4.5 m of excavation depth; 
Berm-C10m 
With a 2 m thick improved berm located at -10 m below the 
ground level, 6m of excavation depth; 
Berm-D3mR 
With a 3 m thick improved berm inclined at about 5° below the 
horizontal level from the berm-wall junction, 6 m of excavation 
depth. 
 
Note: The length of berm is 10 m for tests with a berm, and the width of the berm is 
15 m which spans the width of container. The wall embedment depth from the 
original ground is 16 m deep.  
 




(i) After 2 m excavation (ii) After 4 m excavation 
(a) Images of WTreat 
  
(i) After 2 m excavation (ii) After 4 m excavation 
(b) Images of Berm-D2m 
  
(i) After 2 m excavation (ii) After 4 m excavation 
(c) Images of FTreat 
Figure 6.1 Images of Tests WTreat, Berm-D2m and FTreat taken at 100g 
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(b) Total displacement contour
(c) Horizontal displacement contour
(d) Vertical displacement contour
 
Figure 6.2 (a) Total displacement vector field, (b) Total displacement contour, (c) 
Horizontal displacement contour and (d) Vertical displacement contour for 2 m 
excavation without improvement (Test WTreat) 




Figure 6.3 (a) Total displacement vector field, (b) Total displacement contour, (c) 
Horizontal displacement contour and (d) Vertical displacement contour for 4 m 
excavation without improvement (Test WTreat)  
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(b) Total displacement contour
(c) Horizontal displacement contour
(d) Vertical displacement contour
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(c) Horizontal displacement contour
(d) Vertical displacement contour
(b) Total displacement contour
 
Figure 6.4 (a) Total displacement vector field, (b) Total displacement contour, (c) 
Horizontal displacement contour and (d) Vertical displacement contour for 3 m 
excavation with improved soil berm (Test Berm-D2m) 
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(b) Total displacement contour
(c) Horizontal displacement contour
(d) Vertical displacement contour
 
Figure 6.5 (a) Total displacement vector field, (b) Total displacement contour, (c) 
Horizontal displacement contour and (d) Vertical displacement contour for 5 m 
excavation with improved soil berm (Test Berm-D2m) 





































Figure 6.6 Horizontal soil and berm displacements at different elevations on the 
passive side at 5 m excavation depth from PIV analysis (Test Berm-D2m)  
 
 
Figure 6.7 Vertical berm and soil displacements at different elevations on the passive 













































(a) Horizontal movement  
 
(b) Vertical movement 
Figure 6.8 Horizontal and vertical soil and berm displacements at different excavation 


































































(a) Horizontal movement  
 
(b) Vertical movement  
Figure 6.9 Incremental horizontal and vertical soil and berm displacements at 
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Figure 6.10 Horizontal wall movement at original ground level in Tests WTreat, 
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(c) Normalisation at 4 m excavation 
Figure 6.12 Normalised surface settlement profile behind the wall at 2 m, 3 m and 4 m 
excavation for Tests WTreat, Berm-D2m and FTreat  
 











(a) Cantilever type  (b) braced type 
Figure 6.14 Typical profiles of movement for cantilever and braced walls (after 
Clough et. al., 1990) 
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(a) 2 m excavation 
-14 -12 -10 -8 -6 -4 -2














(b) 3 m excavation  
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(c) 4 m excavation 
 Figure 6.15 Incremental horizontal displacement contour on the passive side at 2 m, 










Figure 6.16 Progressive mobilisation of interfacial shear resistance of a pile (after 
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Figure 6.17 Incremental horizontal wall movement at original ground level in Tests 
WTreat, Berm-D2m and FTreat 
 

























Improved soil raft 
Chapter 6 Behaviour of an Excavation with Improved Soil Berm - Centrifuge Modelling 
 188 
 
(a) Excavation without soil improvement 
 
 
(b) Excavation with improved soil berm 
 
 
(c) Excavation with improved soil raft 
 
Figure 6.21 Typical profiles of movement of upper boundaries of excavations 
Centre line 








Note: ① surface settlement  
     ② wall deformation 
     ③ basal heave 
Centre line 
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Figure 6.22 Normalised surface settlement profile behind the wall in Tests WTreat, 
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Figure 6.23 Horizontal wall movement at original ground level in Tests WTreat, 
Berm-D1m, Berm-D2m and Berm-D3m 
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(b) Berm-D2m  
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Figure 6.24 Incremental horizontal displacement contours on the passive side at 2 m 
excavation depth for Tests Berm-D1m, Berm-D2m and Berm-D3m  
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(b) Berm-D2m  
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Figure 6.25 Incremental horizontal displacement contours on the passive side at 4 m 
excavation depth for Tests Berm-D1m, Berm-D2m and Berm-D3m  
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Figure 6.26 Incremental horizontal wall movement at original ground level in Tests 
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Figure 6.28 Horizontal wall movement at original ground level in Tests Berm-C6m, 
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Figure 6.29 Incremental horizontal wall movement at original ground level in Tests 
Berm-C6m, Berm-D2m and Berm-C10m 
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Figure 6.30 Horizontal berm movement in Tests Berm-C6m, Berm-D2m and 
Berm-C10m 
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Figure 6.32 Berm horizontal movement at mid-level of berm in Tests Berm-D3m and 
Berm-D3mR 
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Figure 6.33 Total vertical displacement contour on the passive side at 4 m excavation 
in Tests Berm-D3m and Berm-D3mR 
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Figure 6.34 Total horizontal displacement contour on the passive side at 4 m 
excavation in Tests Berm-D3m and Berm-D3mR 
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Figure 6.35 Horizontal wall movement at original ground level in Tests WTreat, 
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Figure 6.36 Surface settlement at 2 m behind wall in Tests WTreat, Berm-D3m and 
Berm-D3mR 
 




(a) Location of the berm (b) Typical pattern of berm movement  
Figure 6.37 Schematic diagrams of location and typical movement pattern of an 









(a) Location of the berm (b) Typical pattern of berm movement 
Figure 6.38 Schematic diagrams of location and typical movement pattern of an 
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Chapter 7                                                     
Behaviour of an Excavation Stabilised with Embedded Improved Soil 
Berm – Numerical Modelling 
 
7.1 Introduction  
In the preceding chapter, the results from a series of centrifuge tests show 
that the berm moves like a rigid body, and the behaviour is akin to a floating 
horizontal pile. The interaction between the berm and the surrounding soil would 
mobilise both end bearing and interfacial shear resistance to resist the wall movement. 
As centrifuge tests are rather complicated and time-consuming, the number of tests 
that could be conducted in the present study is limited. Furthermore, the current 
instrumentation technology employed during these centrifuge tests could allow only a 
limited range of data to be captured. Considering the limitations of centrifuge testing, 
one solution is to use the finite element method to complement the experimental study 
to better understand the mechanisms involved in an excavation stabilised with an 
improved soil berm.  
Section 7.2 briefly introduces the program CRISP and discusses the selection 
of the soil models and parameters used in this study. In Section 7.3, comparisons are 
made between the experimental and numerical results. The effect of slip elements in 
simulating an excavation with an improved soil berm is also discussed in detail. In 
Section 7.4, extensive parametric studies are carried out to examine the effects of 
different parameters on the behaviour of an excavation. Section 7.5 summarises the 
resistance mechanism of an excavation with an embedded improved soil berm.  
Observations and findings in this chapter, combined with what has been 
found in preceding chapters and earlier work, would further improve the 
Chapter 7 Behaviour of an Excavation with Improved Soil Berm – Numerical Modelling 
 201 
understanding of the mechanisms of an excavation stabilised with an embedded 
improved soil berm of different configurations and also provide some guidelines in 
designing such a soil berm in practice.  
 
7.2 Finite Element Method (FEM)  
7.2.1 CRItical State Program (CRISP)  
Two-dimensional numerical analysis which is consistent with the plane strain 
condition of the centrifuge tests, was carried out using a finite element program called 
CRISP (CRIctical State soil mechanics Program). The program CRISP is a 
geotechnical finite element program incorporating a fully coupled consolidation 
analysis based on Biot’s formulation and uses a number of well-known constitutive 
models for soils include some belonging to the critical state soil mechanics. It has 
been widely used to study problems related to excavation and earth retaining 
structures (Powrie et. al., 1991; Balasubramanium et al., 1992; Liu et al., 1996; Yong 
et al., 1996; Tan et al., 2001; Thanadol, 2003 and Goh, 2004). Details of the CRISP 
program can be found in Britto and Gunn (1987).  
In the present study, numerical analyses were carried out using the 
commercial version known as SAGE-CRISP (Woods and Rahim, 1999). 
SAGE-CRISP combines the analytical capability of CRISP with a user-friendly 
graphical interface. The Pre-Processor provides an intuitive, interactive environment 
in which simulations can be created and viewed. The Post-Processor runs in a similar 
environment, where the results can be retrieved and visualised and data reports can 
also be created for other purposes.  
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7.2.2 Selection of input parameters  
For an appropriate simulation of the mechanical behaviour of the excavation 
stabilised by an embedded improved soil berm, it is important to model realistically 
the behaviour of the materials involved. There are three different materials in this 
FEM study; namely the improved soil, the retaining wall and the soil. Selection of the 
model of each material and the material properties are presented in this section.  
The improved soil berm was modelled using the elastic-perfectly-plastic 
model following the yield criterion of Mohr-Coulomb. The Mohr-Coulomb yield 
criterion is widely used for soils, especially for stiffer materials. The main parameters 
for the Mohr-Coulomb used for the FEM analyses estimated by Goh (2004) are 
shown in Table 7.1. The model retaining wall has been simulated using the isotropic 
elastic model and the properties of the material are presented in Table 7.2.  
In this study, the Modified Cam-Clay model was used to simulate the model 
ground. This model is an isotropic, non-linear, elasto-plastic strain hardening soil 
model, which was developed at the University of Cambridge in the 1960s based on 
critical state soil mechanics (Roscoe and Burland, 1968). The main soil parameters for 
the modified Cam-Clay model are mainly estimated in laboratory tests (Goh, 2004) 
and given in Table 7.3. Some of the parameters could be verified using the measured 
soil strength values.  
The undrained shear strength profile of the soil model obtained from in-flight 
T-bar tests and miniature vane shear tests are shown in Figure 3.4.  The strength 
profile could be also estimated by the empirical expression including parameters l  
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 and L =0.75 (Martin et al., 
2000). The OCR could be estimated from Figure 3.3 and the profile of OCR is 
presented in Figure 7.1(a). Therefore, the empirical expression becomes: 
'75.025.0 vu OCRc s=                   (7.2) 
Furthermore, the undrained shear strength could be related to the critical state 





=                 (7.3) 
The profiles of undrained shear strength from empirical Equation (7.2), 
theoretical Equation (7.3) and the measured values are plotted in Figure 7.2. The soil 
strength profiles estimated using both the theoretical and empirical formulas match 
well with those obtained from in-flight T-bar tests. Therefore, the selected critical 
state soil parameters are considered to be appropriate for the finite element analysis.  
 
7.2.3 In situ stress states 
For the numerical analysis, the correct initial stress condition is also 
important to ensure reliable predictions since the behaviour of soil is stress dependent. 
The vertical stress profile can be determined from the bulk unit weight of the subsoils. 




vh K ss =                    (7.4) 
For the normally consolidated clay, Jaky (1944) proposed the following empirical 
relationship with the effective friction angle of soil 'f : 
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'
0 sin1 f-== ncKK                 (7.5) 
The effective friction angle 'f  can be related to the critical state parameter M 












= -f            (7.6) 
For overconsolidated soils, Mayne and Kulhawy (1982) proposed the following 
modification to Jaky’s formula: 
'' sin'sin
0 )sin1(
ff f OCROCRKK nc -==           (7.7) 
According to the above formula, the variation of 0K  with depth in this study is 
presented in Figure 7.1(b).  
Another important stress parameter for Modified Cam-Clay is the 
preconsolidation pressure 'cp . The 
'
cp  value at different depths was obtained from 
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7.3 Comparison of Results of FEM and Centrifuge Tests 
There are two objectives in this section. The first is to verify the capability of 
the FEM analysis in simulating an excavation with an embedded improved soil berm 
by comparing with the centrifuge test results. The parametric studies could be carried 
out more confidently after the results of the FEM analyses are calibrated with the 
experimental results.  
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The other aspect that deserves a special mention, as a result of observation 
from the centrifuge tests, is the need to incorporate slip elements. From the 
displacement pattern of the berm shown in Figures 6.6~6.9 and the profile of the 
surface settlement shown in Figure 6.12, it could be observed or inferred that some 
slippage had occurred between the wall-soil, soil-berm and berm-wall interfaces. 
Opening could also be observed between the berm and the wall especially at the later 
stages of excavation. The results from Test Berm-D2m are used to compare the 
predictions from the FEM analysis with and without slip elements.  
 
7.3.1 Generated mesh, boundary conditions and construction sequence 
Meshes with and without slip elements used for the FEM analysis are 
presented in Figure 7.3. Eight nodes quadrilateral elements are used to simulate the 
soft ground, improved soil berm and the retaining wall. The geometry of the mesh is 
consistent with the dimensions of the centrifuge tests. The horizontal boundary at the 
bottom of the mesh is restrained both horizontally and vertically while the top 
horizontal boundary is a free draining surface. All vertical boundaries are restrained 
against horizontal movement but are free to move vertically. They are also kept 
impermeable as the model is contained in a box.  
Each stage of excavation was simulated using an increment block in the FEM 
analysis and excavation was simulated by the removal of elements from the mesh. 
Each increment block simulates the scrapping of an entire layer of soil in the 
centrifuge. In the FEM analysis, each increment block was further divided into 
adequate number of sub-increments over the specified time duration. As the analysis 
was based on Biot’s fully coupled consolidation theory, the increments were also used 
to simulate the gradual dissipation of pore water pressure with time.  
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7.3.2 Parameters of slip element 
Goodman’s interface element (Goodman, et al., 1968) is used in Sage Crisp to 
allow slip and opening to occur between materials with a large difference in 
stiffnesses. The shear stress along the interface element is limited by a user defined 
interface shear strength. A Mohr-Coulomb yield criterion is used to check whether the 
shear stress exceeded the maximum shear strength. Checks are also made on whether 
the element has gone into tension. The assigned normal and shear stiffness are 
consistent with the continuum materials either side of the slip element.  
As shown in Figure 7.3(b), slip elements are generated both around the wall 
and the berm. In this study, the stiffness properties of the slip elements around the 
wall are different from those around the berm as shown in Table 7.4. The stiffness 
properties of the slip elements around the wall are calculated through the soil 
properties while those around the berm are derived based on the properties of the 
improved soil berm. The stiffness properties of slip elements around the wall are the 
average values along the wall depth. The normal stiffness nk  and shear stiffness sk  











==                (7.10) 
The stiffness of soil is not explicitly given in Table 7.3 since the soil model used is the 
Modified Cam-Clay model. However, the stiffness of soil could be derived through 
the following formulations when the soil experiences an unloading load path such as 








=               (7.11) 
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k
')1)('21(3)'21('3' pevvKE +-=-=            (7.12) 
where 'K  is the bulk modulus of the soil and k  is the slope of the swelling line of 
the Modified Cam-Clay model.  
 
7.3.3 Comparison and discussion  
For the convenience of comparison, the analysis without slip elements is 
called Case Noslip and the one with slip elements is called Case Slip. The surface 
settlement at 2m away from the wall for the two numerical runs and from the 
centrifuge test, Test Berm-D2m, is presented in Figure 7.4. Up to an excavation depth 
of 3m, there is little difference between the two cases and both simulate the 
experimental data well. However, at later stages of excavation, results from Case Slip 
agree much better with the experimental results than Case Noslip. In Case Noslip, as 
slip elements were not introduced to simulate the slippage as observed around the 
berm and wall in the experiments, wall movement is smaller. On the other hand, in 
Case Slip, slip elements were provided to properly simulate the opening and slippage 
between the berm and wall, as shown in Figure 7.5. The opening and slippage could 
be clearly observed from the relative horizontal and vertical movement of the 
interfaces from the figure. It could also be observed that at 3 m excavation depth, 
there is little separation but this becomes serious for 5 m excavation depth. Except for 
a small part at the top of the berm, most of the berm was separated from the wall due 
to an anticlockwise rotation of the wall and the clockwise rotation of the berm. The 
effect of the presence of slip elements lies not only in the magnitude of ground and 
wall movements, but also in the displacement pattern of the berm and the bending 
moment of the wall, which will be presented in the following part.  
Figure 7.6 presents both the FEM and experimental results of horizontal 
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movements at different excavation stages along the mid-level of the berm. The 
patterns of horizontal movement from FEM analysis in both cases agree well with the 
experiment results in the berm and soil regions. From this figure, the horizontal 
movements of berm in Figure 7.6(b) for Case Slip match better with the experimental 
results than those of Case Noslip in Figure 7.6(a). This is consistent with the 
observations of surface settlement in Figure 7.5.  
Figures 7.7 and 7.8 present the vertical movements along the mid-level of the 
berm for both FEM and experimental results. Two broad trends can be observed. First, 
the vertical movement of the far end of the berm was larger than that at the near end 
of the berm, a clear indication of rotation of the berm. Second, the maximum 
movement along the level is in the soil area and some heave in the untreated region 
could be seen.  
Figures 7.7 and 7.8 also reveal that the presence of slip elements has an 
influence on the pattern of vertical berm movement, besides the different magnitudes 
at each excavation depth. For Case Noslip in Figure 7.7(b), the numerical results show 
that the shape of the berm is like a bowl, with the smallest movement at about 1~2m 
from the wall. This means that the berm has undergone significant bending 
deformation. However, the experimental results show that the berm has actually 
rotated like a rigid body with every little bending. In this aspect, Figure 7.8(b) shows 
that the analysis with slip elements matches much better with the experimental results 
not only in the magnitude but also in the trend.  
The main reason for the significant bending deformation for the case without 
slip elements is because the berm is fixed to the wall at a right angle no matter how 
the wall moves or rotates. In the present study, except for the embedded soil berm, no 
other strut is installed. Therefore, when a certain depth of soil is excavated, the 
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imbalanced pressures make the wall rotate toward the passive side about a certain 
point below the excavation level. Consequently the berm will rotate downward to 
maintain the right angle. However, the soil below the berm will try to prevent the 
berm from rotating downward. At the same time, soil below the berm will heave due 
to load relief and further resist the berm’s downwards rotation.  
The way the berm is fixed to the wall has an impact on the bending moment in 
the wall, as shown in Figures 7.9(a) and 7.9(b). The sign convention used in this 
thesis is as follows: positive moment indicates that the outer side of the wall on the 
excavated side is in compression while the retained side of the wall is in tension. 
Figure 7.9(a) clearly shows that the bending moment suffers a sharp change from 8 m 
to 10 m depth where the berm was located. This sharp change is a direct consequence 
of the bending deformation of the berm as a result of the berm being fixed to the wall. 
When the berm is bent due to external forces, the wall responds by taking the bending 
moment induced. This bending behaviour could be seen more clearly in Figure 
7.10(a). This figure presents the total horizontal stress at integration points in the 
berm closest to the wall at different excavation stages. A positive stress indicates that 
the berm is in compression while a negative value indicates that the berm is in tension. 
The distribution of the stress at the contact between the berm and wall obviously 
indicates the existence of bending moment and it becomes larger as excavation 
proceeds. In effect, this bending moment artificially helps to control the wall 
movement. This was also observed by Thanadol (2003) but he did not introduce slip 
elements to overcome the limitations. In addition to the bending moment, it can also 
be inferred that the berm exerts a force against the wall moving inwards.  
On the other hand, if separation and slippage are allowed between the berm 
and the wall in the numerical analysis as observed in the centrifuge experiment, 
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Figure 7.9(b) shows that there is no bending moment induced to control the wall 
movement. The bending moment of the wall around the contact with the berm also 
does not experience the sharp change as in the case without slip elements. Instead, the 
bending moment of the wall deceases gradually to zero from 8-m depth, the location 
of the berm, to the bottom of the wall. This means that the main resistance to the wall 
movement is the contact load acting on the wall. This contact load is a result of the 
interaction between the berm and surrounding soil through mobilisation of the 
interfacial shear resistance and end bearing resistance. This could be further 
confirmed from Figure 7.10(b) which shows the horizontal stress of the berm near the 
wall. The result reveals that the contact bending effect of berm on the wall was almost 
eliminated when slip elements are provided.  
According to the above numerical results of the two cases, there are two 
possible kinds of forces acting between the berm and the wall to control the wall 
movement. One is the force which comes from the mobilisation of the interfacial 
shear resistance and end bearing resistance and results in a contact load acting against 
the wall. The other force is the bending moment which occurs if a rigid connection 
exists between the berm and the wall.  
Interestingly, Powrie et al. (1998) presented a technical note on a retaining 
wall with a stabilising platform to reduce the wall movement as shown in Figure 7.11. 
The stabilising platform was fixed to the retaining wall. In this note, it is concluded 
that the main effect of the stabilising platform was the application of bending moment 
to the wall, which resulted from the contact pressure between the stabilising base and 
the underlying ground. On the other hand, it also pointed out the application of a 
contact load to wall, coming from the end bearing force of the platform and the shear 
resistance between the platform and the surrounding soil, contributed little to the 
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stabilisation of the wall.  
However, it should be noted that the effect of the berm in controlling the wall 
displacement for this study is different from the one discussed by Powrie et al. (1998). 
There are two differences. The first difference, as explained in Chapter 6, is that in 
this study the embedded improved soil berm, which was installed before any 
excavation process, was mainly used to control the wall and soil displacement during 
the excavation process especially at earlier excavation stages. But in Powrie’s study, 
the stabilising platform was placed after part of the excavation reached the final 
formation level, which means that significant displacement occurred before the 
installation of the platform and the soil had mobilised its strength to some extent. 
Furthermore, the overburden on the platform also decreased sharply. The 
pre-mobilisation of the soil strength before installation of the platform and the sharp 
decrease of the overburden on the platform would lead to much smaller end bearing 
and interfacial shear resistance available. This is a reason for the small contribution 
from a load acting against the wall to control the wall movement. The other difference 
lies in the contact between the wall and berm. In the present study and in most 
practical situations for embedded improved soil, the berm was allowed to slip and 
separate from the wall, which implies that the contact could not bear any bending 
moment. It is the contact load, rather than the bending moment, which provides the 
effective resistance in controlling the wall displacement. In Powrie et al.’s study, the 
stabilising platform was fixed to the wall and thus the resistance to the wall 
displacement was mainly due to a transfer of bending moment from the platform to 
the wall.  
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7.3.4 Summary  
The above comparison shows that the FEM analysis is able to produce results 
fairly consistent with those from the test when slip elements were introduced in the 
analysis. This also confirms that the input parameters used are reasonable.  
The comparison between the two the numerical analyses shows that with slip 
elements introduced, the observed separation and slippage between the wall and berm 
from the experiment could be simulated. At the same time, the separation and slippage 
practically eliminated the effect of the bending deformation of the berm on the wall. 
Thus slip elements will be used in all subsequent analyses.  
 
7.4 Parametric studies 
Parametric studies are conducted to study the effects of different 
configurations of the embedded improved soil berm. The studies focus on some of the 
key factors related to the geometry and properties of the improved soil berm. The 
parameters evaluated are stiffness E , length L , thickness D ,  embedment depth 
C , orientation d  of the berm and width of the excavation W . The primary goal of 
this numerical study is to determine the effect of these parameters on the ground and 
wall movements which are key considerations in design. The bending moment of the 
retaining wall is also examined.  
 
7.4.1 Effect of berm stiffness  
From the results presented in Chapter 6 and Section 7.3, it is known that the 
resulting load from the mobilisation of end bearing resistance and interfacial shear 
resistance contributes to the control of the wall movement. In order to effectively 
mobilise the available resistances, the stiffness of improved soil berm should exceed a 
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certain threshold value. This has been examined by a fellow student Thanadol (2003) 
who found that a threshold value of about 200 MPa for the Young’s Modulus is 
required to ensure the effectiveness of the embedded improved soil berm. However, 
his conclusion was derived from the numerical analysis without the inclusion of slip 
elements.  
As the use of slip elements has been established to be important in the present 
study, the effect of the stiffness of an improved soil berm is evaluated again. Figure 
7.12 presents the relationship of horizontal wall movement at the top of wall and berm 
stiffness after 4 m of excavation. The wall movement reduces significantly when the 
stiffness of the berm increases from 10 MPa to 50 MPa. On the other hand, the 
reduction in wall movement is almost negligible when the stiffness exceeds 200 MPa, 
an observation also made by Thanadol (2003).  
Figure 7.13 shows the profile of the bending moment after 4 m of excavation. 
Two points should be noted from this figure. The first is the change of the position of 
the maximum bending moment, moving from about 9.4 m to 8 m depth when the 
stiffness increases from 10 MPa to 200 MPa and remains almost unchanged at 8 m 
depth when the stiffness is larger than 200 MPa. This migration of the maximum 
bending moment is due to the presence of a large contact force between the berm and 
the wall when the stiffness of the berm is sufficiently high. The second is that the 
maximum bending moment is observed to increase with the berm stiffness especially 
when it is smaller than the threshold of 200 MPa. This increase in the bending 
moment indicates that the contact load has also increased. When the stiffness is larger 
than 200 MPa, the bending moment is almost constant, just as the wall movement. 
This indicates that the total mobilised resistance provided by the improved soil berm 
has reached its maximum, even if the stiffness increases beyond 200 MPa.  
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From the above results, it is shown that when the stiffness is smaller than the 
threshold value, 200 MPa in this case, increase in stiffness leads to an increase in the 
contact load resulting from a combination of end bearing and interfacial shear. This 
then increases the bending moment and consequently decreases the wall deflection. 
On the other hand, when the stiffness of the berm exceeds the threshold value, further 
increase in the stiffness contributes little to reduce the wall movement since the 
contact load and bending moment remain almost unchanged.  
Figure 7.14 presents the horizontal movement at the mid-level of the berm 
after 4 m of excavation. It is obvious that when the stiffness is low, the berm itself 
undergoes significant compression which would result in less mobilisation of end 
bearing and interfacial shear. When the stiffness is larger than 200MPa, the berm 
behaves almost as a rigid body with very little compression of itself and ensures the 
effectiveness in mobilisation of the end bearing resistance and interfacial shear 
resistance. The criterion on the selection of stiffness for a berm could be extracted 
from this finding, namely the stiffness of the improved soil berm should be 
sufficiently stiff to make itself behave as a rigid body with negligible compression of 
itself. This study confirms that the berm needs a threshold stiffness of 200 MPa to be 
effective, which was arrived at by Thanadol (2003) who analysed the problem without 
slip elements and is also consistent with the test observations that the berm behaved as 
a rigid body.  
 
7.4.2 Effects of berm length and width of excavation 
The length of the improved soil berm L directly influences the available 
interfacial shear resistance and will therefore affect the excavation behaviour. First, a 
set of analyses with different berm lengths is evaluated. Two extreme cases are also 
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included. The first case is 0=L m, that is no soil improvement and the other case is 
15=L  m which is the case where an improved soil raft is used. These two cases are 
considered together with the use of slip elements. The three cases of =L 0 m, 10 m, 
15 m are compared with the corresponding centrifuge tests of WTreat, Berm-D2m, 
and FTreat. Figure 7.15 shows that the predicted surface settlements at 2 m behind the 
wall are consistent with those from the centrifuge tests.  
Figure 7.16 shows the horizontal movement at the top of the wall and the 
maximum bending moment for different length of berm after 4 m of excavation. It can 
be seen that the wall movement decreases with increase in berm length. On the other 
hand, the maximum bending moment generally increases with berm length. This 
opposite trend indicates that the resistance provided by the improved soil berm 
increases with berm length, mainly due to the higher interfacial shear resistance.  
Figure 7.16 also shows a change of trend of the wall movement and maximum 
wall bending moment from =L 14 m (improved soil berm) to 15 m (improved soil 
raft), suggesting that different mechanisms are involved in reducing the wall 
movement though there is only 1m difference in berm length. This could be further 
confirmed from the total and incremental movement at the top of the wall for the two 
cases presented in Figure 7.17. As can be seen, for =L 14 m, the incremental 
movement continues to increase with excavation and as a result, the total movement 
increases at an increasing rate. However, for =L 15 m, the incremental movement 
reduces with increasing excavation depth and the total movement increases at a 
decreasing rate. Thus, for an embedded improved soil berm, the composite ground 
resistance in the passive side is controlled by the soil rather than by the berm, and as 
excavation proceeds, the global stiffness of the system reduces and thus the 
incremental wall movement increases. On the other hand, for the case with an 
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embedded improved soil raft, the composite ground resistance relies more on the 
stiffness of the improved soil and less on the soil stiffness. This difference in 
behaviour of the two cases is also observed in centrifuge tests shown in Figures 6.10 
and 6.17.  
Figure 7.18 presents the contours of horizontal displacement from both 
experiment results and FEM analysis of Test Berm-D2m. It can be seen that the 
contours of observed horizontal movements agree well with those from numerical 
analysis. The rigid movement of the improved soil berm and the local shear zone 
above the berm next to the wall are properly simulated in the numerical analysis. 
However, it can also be observed that the contours from numerical analysis extend 
further towards the bottom than those of experiment. One possible reason is that the 
present numerical analysis cannot account for the non-linear elastic behaviour of soil 
at small strain.  
Figure 7.19 presents the contours of vertical displacement for both 
experimental and numerical results. The rotation of the berm as observed in the test is 
correctly picked up in the numerical analysis. However, there are two differences 
between the experimental and numerical results. Firstly, the contour lines of the 
numerical analysis extend further towards the bottom than the experiment results, 
likely a result of not accounting for small strain non-linear behaviour. Secondly, the 
numerical results show that the vertical movement in the soil region increases to its 
maximum at the centre of the excavation. Note that because the test simulates a 
symmetrical half, the centre of the excavation refers to the left edge of the figure. In 
contrast, the experimental results show that the vertical movement reached the 
maximum in the vicinity of the berm tip. This contrast can also be seen in Figure 7.8. 
The main reason for this is that in the centrifuge experiment, a certain amount of 
Chapter 7 Behaviour of an Excavation with Improved Soil Berm – Numerical Modelling 
 217 
friction exists between the soil and side of the container though it was lubricated by 
grease. In numerical analysis, the side is free to move vertically. The heave near the 
berm tip is caused by three sources. The first is due to the unloading in which the 
maximum heave occurs at the centre of the excavation. The second is due to the wall 
moving into the excavated area. In this type, if there is no improved soil berm, the 
maximum heave would occur near the wall, as shown earlier in Chapter 6. The third 
comes from the movement of the berm in which the maximum heave takes places at 
some distance away from the berm tip. These three sources of heave interact with 
each other and form the final pattern of heave. In the numerical analysis, these 
interactions result in a maximum heave at the centre of the excavation especially 
when the excavation width is not wide enough. However, the experimental results 
show that the heave from the movement of the berm is more significant near the berm 
tip.  
To highlight the effect of the berm movement on heave in the numerical 
analysis, an excavation with the half-width enlarged to 25 m and stabilised with an 
improved soil berm was analysed. The configuration, property and location of the 
improved soil berm is the same as the Test Berm-D2m. Figure 7.20 shows the 
contours of horizontal and vertical displacements after 4 m of excavation. It is 
observed that the horizontal displacement pattern around the berm is quite similar to 
that of the narrower excavation of 15 m half-width as shown in Figure 7.18(b). The 
difference between these two analyses is that for the wider excavation, contour lines 
of the horizontal displacement extend wider. This implies that larger horizontal wall 
movement would occur during excavation process. More results will be shown in later 
analysis concerning this point. Contours of the vertical displacement shown in Figure 
7.20(b) clearly show the movement of the berm has a significant influence on the soil 
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heave near the berm tip and the maximum heave occurs at some distance away from 
the berm tip rather at the centre of the excavation (leftmost edge of the figure).  
To show the effect of excavation width, another set of numerical analyses was 
performed. In this set, the half-width of each excavation is kept at 25 m while the 
length of the improved soil berm varies. Figure 7.21 shows the horizontal movement 
at the top of wall after 4 m of excavation. For comparison, the results from the 
previous set involving excavations with 15 m half-width are also included. It can be 
seen that in general the trend for excavations with 25 m half-width is quite similar to 
that for excavations with 15 m half-width, which further confirms the effectiveness of 
the improved soil berm even for the wider excavations. It can also be seen that for any 
given length of the berm, the horizontal displacement for the case 25 m half-width is 
larger than that for the corresponding case with 15 m half-width. This is because the 
displacement could extend wider for a wider excavation as shown in Figure 7.20(a). 
Mana et al. (1981) also found that the maximum wall movement is proportion to the 
excavation width for braced excavations.  
Figures 7.22 and 7.23 show the heave at 6 m below the initial ground level for 
different lengths of berm after 4 m of excavation with 15 m and 25 m half-width, 
respectively. Both figures show that the berm length has a significant impact on the 
shape of the soil heave and the heave pattern changes from the one without soil 
improvement to the one with improved soil berm and finally to that of improved soil 
raft as the length of berm increases. The heave patterns for these three types are 
shown in Figure 6.21. For example, for excavations with 15 m half-width, when the 
berm is short ( <L 4 m), the heave pattern is more like that of no soil improvement in 
Figure 6.21(a). On the other hand, when the berm is long ( >L 12m), the heave pattern 
is similar to the one with improved soil raft in Figure 6.21(c).  
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The above results show that increasing the berm length is effective to reduce 
the wall movement but on the other hand, increases the wall bending moment due to 
an increase in the resistance provided by the berm. The interaction between the three 
sources of heave would result in different heave pattern when the berm length varies. 
The excavation width has an effect on the wall and ground movements of excavations 
stabilised with an embedded improved soil berm. But the improved soil berm is still 
effective to control wall movement for wider excavations.  
 
7.4.3 Effect of berm thickness  
In this section, the effect of berm thickness will be evaluated. The effect is first 
studied with the berm length kept constant while the thickness of the berm varies. The 
combined effect of the berm thickness and length is then examined. At the same time, 
the effect of constant volume of the improved soil is also considered.  
In the first series, 8 cases are studied with the berm length kept at L =10 m 
while =D 0.5 m, 1 m, 2 m, 3 m, 4 m, 6 m, 8 m, 10.3 m, respectively. Figure 7.24 
shows the development of horizontal movement at the top of wall with excavation 
depth. It is obvious that increasing the berm thickness up to 4 m is effective in 
reducing wall movement, beyond which the wall movement remains virtually 
constant. The trend of the surface settlement at 2 m behind wall with different 
thickness of berm after 4 m of excavation in Figure 7.25 tells a very similar story.  
When the improved soil berm is thick enough, it would be more appropriate to 
visualise the improved soil as a stiff soil body than as an embedded improved soil 
berm. An improved soil berm in an excavation behaves as an external structure, like a 
horizontal pile, to control wall movement. On the other hand, a stiff soil means the 
properties of the soft soil have been improved. Figure 7.26 shows the deformed 
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meshes around the contact between the wall and the berm for 3-m and 6-m thick berm 
after 4 m of excavation. An opening between the 3-m thick berm and the wall can be 
observed but not for the case with a 6-m thick treated soil layer. Thus, the 6-m thick 
improved soil behaves like a stiffer surrounding soil. This different behaviour at the 
contact also has an influence on soil heave.  
Figure 7.27 shows the soil heave at 6 m below the initial ground level after 4 
m of excavation. The soil heave above the berm is clearly affected and an increase in 
berm thickness is obviously effective in reducing the soil heave. When the thickness 
exceeds 4 m, the heave pattern above the berm changes from an increase to a decrease 
with increasing distance from the wall. This change is exactly due to the different 
behaviour at the contact between the improved soil and the wall as discussed above. 
The maximum soil heave at this level gradually decreases with increase in the 
thickness of berm as shown in Figure 7.27(b). This observation is reasonable. With 
the current geometry configuration in the centrifuge setup, an increase in berm 
thickness means a corresponding decrease in the thickness of soft soil below the berm. 
For a certain depth of excavation, it is obvious that the heave of an excavation with a 
thin soft clay layer below the berm will be less than that of an excavation with a thick 
soft clay layer.  
The above results show that there is little further increase in effectiveness 
when the berm thickness D  is greater than 4 m. A related question is whether the 
berm length would have any further influence on the wall movement when >D 4 m. 
To study this combined effect, a number of additional analyses have been carried out. 
Figure 7.28(a) summarises the horizontal movement at the top of wall after 4m of 
excavation with various length and thickness of berm. It is evident that for >D 4 m, 
an increase in length of the berm is still effective in reducing the wall movement. On 
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the other hand, for a particular berm length, reduction in wall movement is effective 
only when <D 4m.  
To better visualise the combined effect of the length and thickness of berm, the 
data in Figure 7.28(a) together with previous related data is replotted in Figure 7.28(b) 
where the x-axis is the length of berm, the y-axis is thickness of berm and the contour 
lines show the horizontal wall movement at the top of wall. From this figure, the 
horizontal wall movement at the top of wall for other unanalysed cases could be 
estimated. For example, it would be interesting to study the effect of constant 
improved section area by varying the berm length and thickness. The improved 
section area is the product of berm length and thickness ( DLA ´= ). Three groups 
are evaluated with improved section areas =A 10m2, 20m2 and 30m2 respectively, 
which are exactly the same with those of three cases of centrifuge tests Berm-D1m, 
Berm-D2m and Berm-D3m. The results are also plotted in Figure 7.28(b). It is evident 
that for all three groups, when the treated section area is kept constant, in principle 
increasing the berm length is much more effective in reducing the wall movement 
than increasing the berm thickness.  
The results in this section show that with the current geometry configuration, 
increasing the berm thickness is effective in reducing wall movement only when it is 
smaller than 4 m, beyond which it is no longer economical to further increase the 
berm thickness. On the other hand, increase in berm length is more effective to 
control the wall movement since increase in berm length could mobilise more 
interfacial shear resistance and also narrow the width of the untreated soil in front of 
the improved soil, which further helps to decrease the wall movement.  
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7.4.4 Effect of embedment depth  
In the preceding chapter, it was shown that the embedment depth C of the 
improved soil berm would have an influence on the performance of the overall 
support system. The available interfacial shear resistance and end bearing, the berm 
movement and the moment arm of the improved soil berm would be affected when 
the embedment depth C is different. The results of centrifuge tests showed that the 
higher the berm, the more effective is the berm in reducing the wall movement for 
cantilever type excavations due to the larger moment arm and berm movement. From 
this finding, it is inferred that the improved soil berm could be formed at the bottom 
of the wall if the kick-out of the wall toe needs to be controlled and the berm could be 
also favourably constructed at the position where the maximum bulging deformation 
occurs for a strutted and fixed-end excavation to reduce the bulging deformation.  
Two sets of numerical analyses were conducted to study the effect of the 
embedment depth. The first set involves 5 cases of cantilever excavation, which 
would further confirm the results obtained from the centrifuge tests. The second set 
includes 3 cases of single braced excavation to examine how the embedment depth 
affects the bulging and kick-out types of deformation in a braced excavation.  
Set 1 - Cantilever excavation  
The first set includes the five cases with different embedment depth C=6 m, 8 
m, 10 m, 12 m and 14 m. Figure 7.29 shows the horizontal movement at the top of 
wall for the 5 cases. It is evident that an increase in embedment depth would lead to 
an increase in wall movement though the available end bearing and interfacial shear 
resistance increase. This observation is consistent with what has been found in the 
experiments as described in the preceding chapter. Figure 7.30 presents the profiles of 
bending moment for the 5 cases at 4 m of excavation. Except for the Case C=14m, it 
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can be seen that an increase in embedment depth will result in an increase in the 
maximum bending moment. Furthermore, the position of the maximum bending 
moment also shifts downwards with increase in embedment depth. For Case C=14m, 
the profile of bending moment above the level of 14 m is quite similar with the one 
without soil improvement, which indicates that the improved soil berm in this case 
would have little influence on the wall behaviour. Figure 7.31 shows the horizontal 
and vertical movements at mid-level of berm for each case after 4 m of excavation. It 
is observed that both the horizontal and vertical movements of the berm decrease with 
increase in the embedment depth though the lateral movement at the top of wall is 
larger for cases with greater embedment depth.  
The above results suggest that for a cantilever excavation, an improved soil 
berm installed at a higher level is more effective in controlling the wall movement due 
to a larger moment arm and berm movement. In practice, the first stage of excavation 
is nearly always a cantilever-type excavation before strut installation. With very soft 
clay, this is also the stage with very large deflection. To reduce such cantilever-type 
movement, the study shows that it is better to treat the soft clay as near to the 
formation level as possible. For the other types of wall deformation, such as bulging 
and kick-out, further examination is needed. As centrifuge test would become even 
more complicated and time-consuming once a strut system is involved, the effect is 
examined numerically.  
Set 2 - Single braced excavation  
There are basically three types of wall deflection profiles for excavations. 
Figure 6.14 presents two of them, namely the cantilever type in which the maximum 
wall deflection occurs at the top of the wall and the bulging type in which the 
maximum wall deflection usually occurs between the excavation base and the toe of 
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wall. In fact, when the excavation is very deep and the embedment depth of wall is 
inadequate, the bulging type would transit into a third type which is the kick-out type 
in which significant lateral wall deflection takes place at the wall toe. This is 
important when a floating wall (wall not keyed into a hard stratum) is used.  
The effect of embedment depth of improved soil berm on the bulging and 
kick-out type deformation is evaluated through 3 cases named Strut-noberm, 
Strut-C10m and Strut-C14m, where Strut-noberm is an excavation without soil 
improvement but provided with a level of strut; Strut-C10m is an excavation with 
both a layer of strut and an improved soil berm at 10 m depth and Strut-C14m is a 
case with a layer of strut and an improved soil berm at 14 m depth. The strut is 
introduced at the top of the wall after 2 m of excavation. In order to exclude the 
influence of strut compression, a horizontal fixity is used to ensure there is no further 
movement at the point of strut after 2 m of excavation. The excavation process for the 
three cases does not stop until the kick-out type deformation begins to dominate.  
Figure 7.32 presents the profiles of wall deflection at different excavation 
stages for the three cases. Generally, the deflections for the two cases with an 
improved soil berm are smaller than those without soil improvement. The particular 
excavation depth for transitions between the three types of wall deflection can be 
readily identified in Figure 7.33. If the location of the maximum wall movement is at 
0 m (the wall top), this means that the wall defection is of the cantilever type; if the 
location is at 16 m (the wall toe), this means that the kick-out type dominates and if 
the location is in between, this means that the bulging type prevails.  
The effectiveness in controlling the bulging type deformation for the two cases 
with improved soil berm is compared in Figure 7.34 which shows the development of 
maximum wall movement with excavation depth for the three cases. It can be seen 
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that for Case Strut-C10m, the berm is more effective in controlling the cantilever and 
bulging types of wall deflection than in Case Strut-C14m. This observation indicates 
that the berm is more effective in controlling the bulging wall movement when the 
location of the berm is closer to the level of maximum wall movement.  
However, when wall deflection profile begins to change into kick-out type at 
7.5 m excavation depth, the Case Strut-C10m is not as effective as the Case 
Strut-C14m. Furthermore, it is also observed that once the kick-out type occurs, the 
maximum wall deflection increases sharply due to inadequate wall embedment depth. 
This indicates that the wall toe movement should be well controlled. Comparison of 
the wall movement at the toe for the three cases is shown in Figure 7.35. It is evident 
that the Case Strut-C14m is more effective in reducing the toe movement and 
therefore increases the toe stability.  
The analyses in this section demonstrate the effect of embedment depth C on 
the excavation behaviour. The observations show that it is important to select the 
embedment depth properly according to the types of wall deflection required to 
control. To reduce the cantilever type wall deflection, the improved soil berm could be 
installed at a higher level as the berm would be more effective due to a larger moment 
arm and berm movement. To control the kick-out of the wall, the improved soil berm 
could be installed at the bottom of the wall. To reduce the bulging deformation, the 
berm could be favorably constructed at the position where the maximum bulging 
deformation occurs. What this also shows is that if both the bulging type and kick out 
type of deformations need to be contolled, then there may be a need to provide two 
layers of improved soil berms.  
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7.4.5 Effect of berm orientation  
In the preceding chapter, the results from the centrifuge tests suggest that a 
downward slant of the improved soil berm helps to control the rotational movement of 
the berm and ensure its stability especially at later stages of excavation. Numerical 
analyses are conducted in this section to complement the results from the test to 
provide a better understanding of the effect of the berm orientation.  
Figure 7.36 shows the schematic diagram of an improved berm with a 
downward slant. It can be seen that the embedment depth of berm varies due to the 
slant where C1 is the embedment depth at the end of berm next to the wall and C2 is 
the embedment depth at the far end of the berm from the wall. The slant depth of the 
berm CD can be derived by 12 CCC -=D  and the slant angle of the berm d can be 







= --d  where L is the berm length. It should 
be noted that the slant depth and slant angle could be negative when C2 is smaller 
than C1 according to the above definitions.  
In this section, a total of six numerical simulations are reported. The thickness 
and length of berm for the six cases are kept at 2 m and 10 m respectively and the 
embedment depth C1 is kept unchanged at 8 m while the slant depth varies from -1 m 
to 4 m.  
Figure 7.37 presents the horizontal movement at the top of the wall with 
excavation depth for the six cases. It is observed that during the early stages of 
excavation, the movements for all cases are almost the same. As the excavation goes 
deeper, providing a larger slant depth is clearly more effective in reducing the wall 
movement. The worst case is when the slant is upward as in Case Slant-1m. This 
finding demonstrates that the berm orientation has a significant effect on the 
excavation behaviour especially at later stages of excavation. Furthermore, it is also 
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found that when the slant depth is larger than 2 m (slant angle about °3.11 ), 
increasing the slant is no longer effective. This observation is vividly demonstrated in 
Figure 7.38.  
Figure 7.39 shows the comparison of the vertical movement at the mid-level 
of berm for the four cases. Case Noslant is used as the reference for comparison with 
the three other cases Slant-1m, Slant1m and Slant2m. It is obvious that the slant of the 
berm has a significant influence on the vertical movement of berm. Compared with 
the Case Noslant, when the berm has a slant depth of -1 m, rotational movement of 
berm is larger at every excavation depth, which in fact makes the berm much more 
unstable especially at later stages of excavation and consequently results in larger wall 
movement as shown in Figure 7.37. However, the rotational movement of the berm is 
quite well controlled when the berm slants downward and therefore the berm is much 
more stable resulting in smaller wall movement. On the other hand, the translational 
vertical movement increases when the rotational movement reduces as also observed 
in the centrifuge tests shown in Figure 6.31.  
However, it should be noted that the effectiveness is not only dependent on the 
slant angle but also on the wall movement at the location of the berm. To understand 
this better, two more cases were analysed in which horizontal movement of the wall at 
the contact with the berm is prevented which means that at the contact between the 
wall and the berm the horizontal movement of the wall is zero. The vertical 
movement at mid-level of berm is presented in Figure 7.40. It can be seen that when 
there is no horizontal movement of the wall at the contact with the berm, the berm 
would heave and rotate upward even though the berm has a certain downward slant. 
This is reasonable, as when there is no horizontal wall movement, the heave is mainly 
due to the unloading effect and this would result in the maximum soil heave occurring 
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at the centre of the excavation. The heave of the berm also follows that pattern. In 
contrast, the results in Figure 7.39(c) show the opposite trend when the horizontal 
wall movement is allowed at the contact with the berm, which is the case in reality. 
This observation shows that the combination of downward slant of the berm and the 
wall movement would effectively control the berm rotational movement and therefore 
reduce the heave. This is also the idea behind using a downward slant berm to control 
the berm rotational movement. As shown in the previous section, the best location for 
the improved soil berm is the location where large wall movement is expected to 
occur. Therefore, significant wall movement is also expected.  
To further understand the deformation behaviour of the berm and untreated 
soil in front of it, the horizontal and vertical movements at mid-level of the berm for 
all 6 cases after 4 m of excavation is presented in Figure 7.41. It should be noted that 
the elevation of mid-level of berm for each case in Figures 7.39, 7.40 and 7.41 is not 
constant but changing with the distance from wall due to the slant of the berm as 
illustrated for Case Slant-1m in Figure 7.41(a). It can be seen that the trend of 
horizontal berm movement at the contact with the wall ties in well with that of wall 
movement shown in Figures 7.37 and 7.38 where the wall movement is almost the 
same for cases with slant depth larger than 2 m. It is also obvious that the upward 
rotational movement of the berm is well controlled when the slant depth is large and 
consequently the heave in the untreated soil before the berm is also reduced.  
The above results demonstrate that a downward slant of the berm would help 
to control the rotational movement of berm and decrease wall movement. It also 
demonstrates the importance of construction control not to allow the berm to have an 
upward slant. The wall movement at the location of the berm is not only necessary for 
the mobilisation of end bearing and shear resistance but also for control of the 
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rotational movement of berm. Therefore, in practice, it is recommended that the 
improved soil berm could be constructed with initial downward slant.   
 
7.5 Resistance mechanism of an excavation with an embedded improved soil 
berm  
For an excavation stabilised by an improved soil berm, the behaviour of the 
excavation is the outcome of complicated interactions among the wall, the berm and 
the soil. During the excavation process, a composite resistance including passive soil 
resistance, end bearing resistance and interfacial shear resistance of the berm is 
mobilised to resist the wall movement. As the wall deforms, the strength of the soil 
above and below the berm is mobilised to resist the wall movement as the result of 
interaction between the wall and the soil. Like a floating horizontal pile, the 
interaction between the berm and the soil would lead to the mobilisation of end 
bearing resistance and interfacial shear resistance which are directly related to the 
thickness, length, position, orientation and stiffness of the berm and surrounding soil 
properties as studied previously. The interaction between the wall and the berm, on 
the one hand, provides the necessary movement for the berm to mobilise the end 
bearing and shear resistance, and on the other hand, helps to resist the wall movement. 
These various resistances are developed progressively during the excavation process 
with continual increase in soil and wall movement but decrease in overburden in the 
passive side.  
The development of these three resistances are demonstrated in Figures 7.42 
and 7.43 which show shear and deviatoric strain contours at different stages of 
excavation for Test Berm-C6m where the berm length is 10 m and embedment depth 
of berm is 6 m. From Figure 7.42, high shear strains could be found at the lower 
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surface of the improved soil berm and the soil area next to wall, which indicates that 
both interfacial shear stress of berm and soil pressure would be mobilised to resist the 
wall movement. Furthermore, it also implies that higher shear stress would be 
developed on the lower surface of the berm than the upper surface due to the localised 
yield zone in the soil above the berm in which soil would move more than the berm 
and thus worsens the situation. The deviatoric strain contours in Figure 7.43 show the 
gradual development of localised yield zone in front of the berm tip, indicating the 
mobilisation of end bearing resistance. Such resistance mechanisms observed from 
the numerical analyses agrees with the centrifuge results presented in Chapter 6. The 
agreement of the resistance mechanisms between the experimental results and 
numerical analyses can also be seen from the contours in Figures 7.18. To better 
understand the mobilisation of end bearing resistance, the total horizontal stress along 
a vertical line at about 10 m away from the retaining wall is presented in Figure 7.44. 
For comparison, results for the case without soil improvement WTreat are also shown 
in the same figure. It is evident that there is a sudden increase in the stress right 
adjacent to the berm tip due to mobilisation of the end bearing resistance.  
The resistance mechanism of an excavation with an improved soil berm stated 
above is not only applicable to the cantilever type excavation but also to a strutted 
excavation. Owing to the need for a highly complicated set-up to run a centrifuge 
experiment with strutting, this aspect is evaluated using numerical analysis only. In 
this series of numerical analyses, one layer of strut is installed at the top of the wall 
before excavation for each case and the axial stiffness of strut increases from Case1 to 
Case7 as shown in Table 7.5 where Case1 means in fact there is no strut while Case7 
means a horizontal fixity exists and no horizontal movement is expected at the top of 
the wall during excavation process. For all cases, the berm length L is 10 m and 
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embedment depth of the berm C is 8 m.  
Figure 7.45 shows the variation of horizontal movement at mid-level of berm 
with excavation depth. It is evident that an increase in strut stiffness leads to a 
decrease in movement. Figure 7.46(a) presents the total end bearing force of the berm 
for the 7 cases at different excavation depths. It can be seen that with a certain amount 
of horizontal movement of the berm, the case with a lower strut stiffness would 
mobilise a higher end bearing resistance. For example with a 0.1 m horizontal 
movement of the berm, the total end bearing force is about 278 kN/m for Case1 but 
about 233 kN/m for Case7. Such difference is likely to be due to the different amount 
of excavation required to arrive at the 0.1 m movement. For Case1, the berm 
horizontal movement after 3 m of excavation reaches 0.1 m while 4.5 m of excavation 
is required for Case7 to arrive at the same amount of movement. The total end bearing 
force relies on the overburden pressure, a point already made in the upper bound 
solution presented in Chapter 5. Furthermore, it could also be observed that at the 
same excavation level, which means the same overburden on the berm, a larger 
horizontal movement of the berm corresponds to a higher total end bearing force. This 
finding is consistent with the traditional understanding of the relationship between 
load and displacement. Therefore, it could be concluded from this figure that the total 
end bearing force is not only dependent on the horizontal berm movement but also the 
overburden on the berm.  
To isolate the effect of overburden, the net end bearing force, which is the 
difference between the total end bearing force and the initial horizontal force due to 
lateral soil pressure at rest at each excavation depth is calculated and shown in Figure 
7.46(b). It is evident that the curves at each excavation depth would converge to an 
almost unique curve between the horizontal berm movement and net end bearing 
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force where the berm movement seems to be the key factor to determine the net end 
bearing force. This is an important observation demonstrating that no matter whether 
an excavation is braced or unbraced, the net end bearing mobilised relies mostly on 
the horizontal movement induced in the berm.  
Figure 7.47(a) presents the interfacial shear force on the lower surface of the 
berm. It can be observed that the shear force of the lower surface is also related to 
both the berm displacement and overburden though it is clear that it is the berm 
movement that dominates. A larger overburden at the same horizontal berm 
movement would mobilise a higher shear force on the lower surface. Figure 7.47(b) 
shows the shear force on the upper surface of berm. Compared to the almost unique 
trend of the shear force mobilised on the lower surface, the development of the shear 
force on the upper surface is more complicated. It can be seen that at each excavation 
step, the higher the stiffness of strut, the larger is the shear force of the upper surface 
even though the horizontal berm movement is smaller. This is because when the 
stiffness of the strut is high, the localised yield zone above the berm is controlled and 
therefore more positive shear force is mobilised.  
The above results clearly show that resistance mechanism below the 
excavation level for both unbraced and braced excavation with improved soil berm is 
fairly consistent and the resistant components are shown in Figure 7.48. All the three 
components, i.e. passive soil resistance, end bearing resistance and shear resistance 
are related to the overburden and berm movement. For an unbraced excavation, the 
unbalanced force induced by excavation was resisted totally by the three components 
and therefore a larger displacement is needed to mobilise higher values of all three 
resistances. In a braced excavation, as a strut would take a significant part of the 
unbalanced force, a smaller wall movement would occur and consequently smaller 
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resistances would be mobilised. In fact, the resistant mechanism of excavation with 
embedded improved soil berm would be easier to understand if it is compared to the 
pile-raft system as shown in Figure 7.49 where the pile and soil could work together 
to resist external load through the raft. The key difference between this study 
(berm-wall system) and the pile-raft system is as follows. For a normal pile-raft 
system, the bearing capacity is almost constant. However, for the berm-wall system, 
the overburden on the berm keeps decreasing during the whole excavation process 
and therefore, available end bearing and interfacial shear resistances also decrease 
which make the berm-wall system more complicated than the pile-raft system.   
 
7.6 Summary of findings  
In this chapter, a total of 91 numerical analyses have been conducted to 
complement the results of centrifuge tests. Comparison between the numerical 
analysis and centrifuge test shows that type of contact between the wall and the berm 
has significant effect on the prediction of wall movement and bending moment. This 
research demonstrates that slip elements are necessary in the analysis to simulate the 
separation and slippage between the wall and the berm as observed in the experiment. 
This is an important illustration of the need to conduct both physical and numerical 
modelling to complement each other. The separation and slippage at the contact 
would negate the development of bending moment resulting from the bending 
deformation of the berm.  
The parametric study in this chapter involves stiffness E , length L , 
thickness D , embedment depth C , orientation d  of the berm and width of the 
excavation W . The results from the FEM analyses combined with those from 
centrifuge model tests provide a better understanding of the mechanisms of 
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excavation stabilised with different configurations of embedded improved soil berm. 
The main findings of this parametric study are summarised as follows: 1) the stiffness 
of the improved soil berm should be sufficiently stiff to make itself behave like a rigid 
body to effectively mobilise both end bearing and interfacial shear resistance of the 
berm; 2) increase in the berm length is very effective to control the wall movement 
due to increase in interfacial shear resistance of the berm; 3) increase in the berm 
thickness is also effective to reduce the wall movement. However, if there is a 
constraint, in principle, an increase in berm length is more effective than an increase 
in berm thickness; 4) the improved soil berm should be at an elevation according to 
the type of wall movement that requires control; 5) provision of a downward slant 
coupled with mobilised horizontal berm movement help to control the rotational 
movement of the berm especially at later stages of excavation and consequently 
reduce the wall movement.  
Both the centrifuge tests and numerical analyses show that a composite 
resistance including passive soil resistance, end bearing resistance and interfacial 
shear resistance of the berm is mobilised to resist the wall movement during the 
excavation process. The results of the numerical analyses with a strut of different 
stiffnesses above the excavation level show that the end bearing resistance provided 
by the berm is not only dependent on the berm movement but also on the overburden 
on the berm. When the effect of the overburden is isolated, it is found that the net 
mobilised end bearing is mainly related to the berm movement. This observation 
suggests that the resistance mechanism of an excavation with improved soil berm is 
applicable to both cantilever type and strutted excavations. This also provides a way 
for the design of the berm in practice.  
 




Table 7.1 Material model and parameters for improved soil berm (after Goh, 2004) 
 
Material model Original Mohr-Coulomb Elastic Perfectly Plastic 
E0 (kPa) 2.0´105 
c (kPa) 500 
f (°) 0 
v 0.25 
gbulk (kN/m3) 17.0 
kx (m/sec) 1.0´10-9 
ky (m/sec) 1.0´10-9 
Table 7.2 Material model and parameters for aluminium alloy retaining wall  
Material model Isotropic Elastic 
E (kPa) 7.2´107 
v 0.2 
gbulk (kN/m3) 22.0 
kx (m/sec) 1.0´10-15 
ky (m/sec) 1.0´10-15 
Table 7.3 Material model and parameters for Kaolin clay 
 
Material model Modified Cam-Clay 
l  0.244 




gbulk (kN/m3) 17.0 
kx (m/sec) 3.2´10-8 
ky (m/sec) 3.2´10-8 
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Table 7.4 Properties of slip elements 
 
Properties Around the wall Around the berm 
c (kN/m2) 1 1 
f (°) 16 23 
kn (kN/m2) 2000 240000 





Table 7.5 Axial stiffness of strut of set 1 with embedment depth C=8 m of berm 
 
 
Label Case1 Case2 Case3 Case4 Case5 Case6  Case7 
L
EA (kN/m/m) NA 20 66.7 200 400 1000 ¥  
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(a) Finite element mesh without slip elements 
 
 
(b) Finite Element mesh with slip elements 
Figure 7.3 Typical finite element meshes with and without slip elements 
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(b) Vertical movement 
 




slip of wall and 
berm 
Figure 7.5 Horizontal and vertical movement of interfaces between the wall and the 
berm at 3 m and 5 m excavation depth (Case Slip) 
 











































































(b) Case Slip 
Figure 7.6 Horizontal displacement at the mid-level of the berm for different 



































































(b) Enlarged- Case Noslip 
Figure 7.7 Vertical displacement at the mid-level of the berm for different excavation 



































































(b) Enlarged-Case Slip 
Figure 7.8 Vertical displacement at the mid-level of the berm for different excavation 
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(a) Case Noslip 
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(b) Case Slip 
Figure 7.9 Profiles of bending moment at different stages of excavation for Case 
Noslip and Case Slip 
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(b) Construction stages used in the finite element analysis 
Figure 7.11 An embedded retaining wall with a stabilising platform (after Powrie et 
al., 1998) 
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Figure 7.12 Relationship between horizontal wall movement at top of wall and berm 
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Figure 7.13 Profile of wall bending moment at 4 m excavation depth 
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Figure 7.15 Comparison of surface settlement at 2 m behind wall from experimental 
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  Horizontal movement
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Figure 7.16 Horizontal movement at top of wall and maximum bending moment with 
different length of berm at 4 m excavation depth 
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Figure 7.17 Numerical results of total and incremental movement at the top of the 
wall for cases with berm length of 14 m and 15 m (FTreat)  
 
 
L: Berm length 
L: Berm length 
Chapter 7 Behaviour of an Excavation with Improved Soil Berm – Numerical Modelling 
 251 
 
-14 -12 -10 -8 -6 -4 -2















(a) Experiment  
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Figure 7.18 Contour of horizontal displacement of experiment and FEM at 4 m 
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Figure 7.19 Contour of vertical displacement of experiment and FEM at 4 m 
excavation depth for Test Berm-D2m 
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(a) Horizontal displacement contour 
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(b) Vertical displacement contour 
 
 
Figure 7.20 Contour of horizontal and vertical displacement for an excavation of 25 m 
half-wide at 4 m excavation depth (FEM)  
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Figure 7.21 Horizontal movement at the top of the wall with different length of the 











































Figure 7.22 Soil heave at 6 m below the initial ground level for different length of 
berm at 4 m excavation depth for excavations 15 m half-wide 
 
Berm length 
W: Half-width of excavation  
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(b) Maximum soil heave 
Figure 7.23 Soil heave at 6 m below the initial ground level for different length of 
berm at 4 m excavation depth for excavations 25 m half-wide  
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Figure 7.25 Surface settlement at 2 m behind wall with different thickness of berm at 
4 m excavation depth 
 
                     
                   (a) 3 m thick                       (b) 6 m thick 
Figure 7.26 Deformed mesh around the contact between wall and berm for 3 m and 6 
m thick berm at 4 m excavation 
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(b) Maximum soil heave 
Figure 7.27 Soil heave at 6 m below the ground level for different thickness of berm 
at 4 m excavation depth 
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Figure 7.28 Contour of horizontal wall movement at the top of the wall with different 
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Figure 7.29 Variation of horizontal movement at top of wall with excavation depth for 
































C: Embedment depth  
C: Embedment depth  




















































(b) Vertical movement at mid-level of berm 
Figure 7.31 Horizontal and vertical movement at mid-level of the berm for various 
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(b) Case Strut-C10m 



































(c) Case Strut-C14m 
Figure 7.32 Profiles of wall deflection at different excavation stages for Cases 
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Figure 7.33 Location of maximum wall movement with excavation depth for Cases 
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Figure 7.34 Variation of maximum wall movement with excavation depth for Cases 
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Figure 7.35 Variation of lateral wall movement at wall toe with excavation depth for 
Cases Strut-noberm, Strut-C10m and Strut-C14m 
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Figure 7.37 Horizontal movement at top of wall with excavation depth for different 
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Figure 7.38 Horizontal movement at top of wall with slant angle at different 
excavation depth 
 




























































































(C) Comparison between Noslant and Slant2m 
Figure 7.39 Comparison of the vertical movement at mid-level of berm between 
Cases Noslant and Slant-1m, Slant1m and Slant2m at different excavation depth 

















































(b) Case slant4m 
Figure 7.40 Vertical movement at mid-level of berm for Cases Slant2m and Slant4m 
at different excavation depth when there is no horizontal berm movement 
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(c) Vertical movement 
Figure 7.41 Horizontal and vertical movement at mid-level of berm for 6 cases with 
different initial slant depth at 4 m excavation depth 
 




(a) 2 m excavation 
 
(b) 3 m excavation 
 
(c) 4 m excavation 
Figure 7.42 Shear strain contour around 10 m berm in the passive side during 
excavation process 




(a) 2 m excavation 
 
(b) 3 m excavation 
 
(c) 4 m excavation 
Figure 7.43 Deviatoric strain contour around 10 m berm in the passive side during 
excavation process 
 







Figure 7.44 Total horizontal stress along a vertical line at about 10 m away from wall 
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(b) Enlarged  
Figure 7.45 Variation of horizontal movement at the mid-level of berm with 
excavation depth for cases with various axial stiffness of strut  
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(b) Net horizontal end bearing force 
Figure 7.46 Variation of total and net horizontal end bearing force of berm with 
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(a) Shear force along lower surface of berm 
 
(b) Shear force along upper surface of berm 
Figure 7.47 Shear force along lower and upper surfaces of berm with horizontal 
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(a) Unbraced excavation (b) Braced exavation 
Figure7.48 Schematic diagram of resistant components of an unbraced or braced 
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Chapter 8                                                
Conclusions 
 
The purpose of soil stabilisation in an excavation is to control the wall 
deflection and associated ground movement. In soft ground, the maximum wall 
deflection usually occurs below the excavation level where it is not practical to install 
conventional steel struts. In a wide excavation site, the use of an embedded improved 
soil berm provides a more economical solution to control the wall deformation. The 
research presented in preceding chapters is aimed at providing a better understanding 
of the behaviour of an excavation stabilised by embedded improved soil berm with 
different configurations in soft ground.  
In this study, a relatively new imaging processing technique, the Particle 
Image Velocimetry was applied to the centrifuge testing to measure the ground 
movements more accurately. Then an upper bound solution, modified with the aid of 
results from numerical analyses was developed to estimate the undrained end bearing 
capacity of an embedded improved soil berm during the process of excavation. Finally, 
important parameters concerning geometries and properties of the berm were 
examined in detail using both centrifuge and numerical modelling. Parameters 
considered were length L , stiffness E , thickness D , embedment depth C  and 
orientation d of the embedded improved soil berm on the passive side of an 
excavation.  
 
8.1 Concluding Remarks 
  The behaviour of an embedded improved soil berm in an excavation was 
studied by means of analytical methods, physical and numerical modelling. 
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Excavation tests with different soil improvement configurations were carried out in 
the centrifuge and the displacements of the ground and improved soil mass was 
tracked by the technique Particle Image Velocimetry. Then numerical analyses were 
conducted to complement the results from the centrifuge tests. Based on the research 
work done, the following conclusions can be drawn.  
a) The Particle Image Velocimetry (PIV) method is a very accurate and stable 
method to measure the ground movement. PIV technique is a texture-based image 
processing method, which allows displacements of small patches to be measured 
to sub-pixel accuracy through statistical analysis with a certain algorithm. Even a 
small displacement can be accurately picked up by the PIV method which is not 
as easy when the traditional technique of tracking the centroid of a marker is used. 
In the present study, the Particle Image Velocimetry (PIV) technique has been 
used successfully to measure the movements of the ground and improved soil 
berm during the excavation process in centrifuge modelling.  
b) In the PIV technique, the movement between two images is obtained through the 
cross correlation method. Sufficient and unique textures in images are of vital 
importance to perform reliable and accurate analysis of cross correlation. Sand 
may contain sufficient inherent texture for the PIV technique to analyse the soil 
displacement without recourse to intrusive target markers (White et al., 2001a). 
However, for clay such as kaolin, there is not enough natural texture for the 
application of this PIV technique. The present study has shown that the use of 
very small particles or points marked with fine paint markers is equally effective 
to produce a texture for the application of the PIV technique.  
c) A series of results has been presented to quantify the stationary errors for 
centrifuge tests, and the differences between the PIV and other direct 
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measurement technique such as dial gauges and LVDT. The results show that the 
PIV technique is highly reliable and also produces very stable predictions. Under 
1g conditions, the difference is about 0.008 mm when comparing PIV measured 
values with two direct measuring techniques, while under 100g conditions, the 
difference is not more than 0.015 mm, a higher error mainly due to system errors 
such as the vibration of the camera and distortion in the container.  
d) The centrifuge study showed that the displacement patterns obtained from the 
PIV technique for an excavation with an improved soil berm are remarkably 
different from those for an excavation without soil improvement. The presence of 
an improved soil berm would influence significantly the displacement pattern of 
surrounding soil as a result of interaction between the berm and surrounding 
ground. The embedded improved soil berm displaces as a rigid body and moves 
horizontally and vertically as well as rotates progressively when the stiffness of 
the berm is beyond a threshold value. Subsequent numerical analyses showed that 
the threshold value is around 200 MPa.  
e) An upper bound failure mechanism for the improved soil berm was proposed 
based directly on observations from centrifuge tests. This solution is similar to the 
one proposed by Davis et al. (1980) for stability analysis of a plane strain tunnel. 
As the derived proposed upper bound solution would overestimate the end 
bearing capacity provided by the improved soil berm, a modified upper bound 
solution which combines the results of the upper bound solution and FEM 
analysis was then developed to improve the estimation of the undrained end 
bearing capacity of an improved soil berm. The modified solution shows that the 




CDcNq ucb g ) comprises 
two parts; one is due to undrained shear strength uc  and the other due to soil 
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weight. From this solution, it is clear that the undrained end bearing capacity is 
not a constant but decreases during the excavation process. Furthermore, from the 
results of the end bearing capacity factor cN , it is shown that the existence of an 
improved soil berm will provide an additional pressure relative to the passive 
pressure to control the wall displacement.  
f) In the centrifuge tests, the incremental displacement contours of the ground and 
improved soil berm show that a composite resistance comprising passive soil 
resistance, end bearing resistance and interfacial shear resistance of the berm is 
mobilised to resist the wall movement during the excavation process. The 
interfacial shear resistance is usually fully mobilised earlier than the end bearing 
resistance during excavation process. The composite stiffness on the passive side 
relies on both the berm-soil shear stiffness and soil stiffness. At initial stages of 
excavation, composite stiffness of the ground on the passive side depends on both 
the stiffness of soil and the berm-soil interface stiffness and the berm is then very 
effective in controlling the wall movement. At later stages of excavation, the 
interfacial shear resistance has been fully mobilised and composite stiffness of the 
ground on the passive side relies largely on the soil stiffness.  
g) In the case of an improved soil raft, the fact that the incremental wall movement 
becomes less with increase in excavation depth showed that the resistance 
mechanism was totally different from that of an improved soil berm. The stiffness 
of the improved soil raft dominates the composite stiffness on the passive side 
and the improved soil raft behaved like a strut below the excavation level. The 
excavation process would have little effect on the stiffness of the improved soil 
raft. Consequently, the composite stiffness on the passive side does not change 
too much.  
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h) Initial numerical analyses showed that there were two possible kinds of forces 
acting between the berm and the wall to control the wall movement. One is a 
contact load acting against the wall which comes from the mobilisation of the 
interfacial shear resistance and end bearing resistance. The other type is a bending 
moment, which occurs if a fixed connection exists between the berm and the wall. 
However, in centrifuge tests, it was clearly observed that separation and slippage 
occurred between the wall and the berm. In the numerical analyses, it was shown 
that only when slip elements were introduced, could the separation and slippage 
be captured. This separation and slippage, when allow to occur, almost eliminated 
the effect of the bending moment due to an artificially imposed fixed connection. 
This is an important point to note if finite element analysis is used in design.  
i) The thickness of the berm has an opposing effect on the end bearing resistance 
and passive soil resistance. The results from the centrifuge tests showed that a 
thicker berm would provide a higher end bearing resistance, but on the other hand, 
reduces the passive soil resistance. At later stages of excavation, the end bearing 
resistance became more obvious to show the improvement effect after the 
interfacial shear resistance was fully mobilised. Numerical analyses showed that 
with the current configuration in the centrifuge, increasing the berm thickness 
was effective in reducing wall movement especially when it is smaller than 4 m.  
j) The embedment depth C of the berm would affect the horizontal movement, 
moment arm and the maximum available resistance of the berm in resisting wall 
movement. The centrifuge tests showed that placing the berm at a higher level for 
a cantilever excavation provided a larger resisting moment in controlling the wall 
rotational movement as a result of a larger moment arm and berm movement 
during excavation and therefore, was more effective in reducing the cantilever 
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type wall deflection. The present study showed that it is important to select the 
embedment depth properly according to the types of wall deflections that 
required control. To control a wall kick-out, the improved soil berm could be 
installed at the bottom of the wall. To reduce the bulging deformation, berm could 
be favourably constructed at the position where the maximum bulging 
deformation occurs. These observations also suggest the combined use of two 
berms if different kinds of deflections need to be controlled.  
k) The progressive rotational movement of the berm as observed from centrifuge 
tests makes the berm unstable and its effectiveness to control the wall movement 
becomes less and less with increasing excavation. The study demonstrated that a 
downward slant berm would help to control the rotational movement of berm and 
consequently reduce the wall and ground movement especially at later stages of 
excavation. The wall movement at the location of the berm is not only necessary 
for the mobilisation of end bearing and shear resistance but also for control of the 
rotational movement of berm. Furthermore, the available end bearing and 
interfacial shear resistance of the downward slant berm also increase due to the 
increase of the average embedment depth of the berm.  
l) Numerical analyses showed that increasing the berm length is effective in 
reducing the wall movement since more interfacial shear resistance could be 
mobilised, but on the other hand, the larger resistance at the contact between the 
wall and the berm would increase the wall bending moment. The analyses also 
demonstrated that when the treated soil volume was kept constant, in principle 
increasing the berm length was more effective in reducing the wall movement 
than increasing the berm thickness. Furthermore, the analyses showed that the 
influence of the excavation width on the wall deflection of excavations with 
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embedded improved soil berms was similar to that of braced excavations. 
Increase in excavation width leads to increase in the wall movement, but the 
improved soil berm was still effective in controlling the wall movement for wider 
excavations.  
m) Based on actual observations from centrifuge tests, numerical analyses were 
calibrated, for example the introduction of slip elements to capture slippage and 
separation, to produce a consistent set of resistance mechanisms. Subsequent 
numerical analyses, introducing a strut of different stiffnesses above the 
excavation level showed that the end bearing resistance provided by the berm is 
not only dependent on the berm movement but also on the overburden on the 
berm. When the effect of the overburden is isolated, it is found that the net 
mobilised end bearing is mainly related to the berm movement. This observation 
suggests that the resistance mechanism of an excavation with improved soil berm 
is applicable to both cantilever and strutted excavations. More importantly, this 
nearly unique dependence provides a way for incorporation into design. While 
this was not studied here, it is an important direction for future research.  
 
8.2 Recommendations for future studies  
 The present research has studied several fundamental behaviours of an 
excavation stabilised with an embedded improved soil berm. From the insight 
developed from this study, the following topics are recommended for future study:  
 The present study showed that two or more layers of improved soil berms may 
be required to control different types of wall deflection in an excavation. Further 
efforts should be made to study the interactions of the improved soil berms and 
optimise the configuration of the improved soil berms. This is of great importance in 
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the practical design. It is also established that the net end bearing resistance of an 
improved soil berm is mainly dependent on the berm movement. More efforts should 
be made to determine how to use this relation in design.  
 Typical patterns of treated soil mass in an excavation could be in the form of 
block type, column type and wall type as in Figure 2.19. This study is focused on the 
block type. Further research may be needed to study the behaviour of an excavation 
stabilised with soil improvement in the other two forms and identify the different 
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